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Laser-induced breakdown spectroscopy (LIBS) is a technique that allows quantitative and
qualitative analysis of many materials. In this study, the LIBS analysis options for strontium
mixture powders is expanded by increasing the number of usable strontium atomic transitions to
avoid incorrect results due to spectral congestion or high strontium concentrations. The research
employs double-sided tape affixed to a glass slide to hold the sample where the powder is poured
onto one surface of the tape and excess dust that has not adhered is removed. This method
minimizes the sample quantity needed and keeps the sample on the slide during experimentation,
which also reduces costs.
Herein, LIBS was used to detect and quantify the level of metal concentrations in used
engine oil samples to provide valuable information about the composition of the selected
material in a liquid sample. Data were obtained using multivariate analysis to develop
calibration curves using LIBS spectra, which was employed for the quantification of the
elements Al, Ca, Fe, Mg, and Mn. The relationship between the peak intensity of the metals in
new engine oil samples and the metal concentrations in used engine oil samples were analyzed to
minimize the matrix effect and the interference of element lines after which the atomic emission

observed in LIBS spectra of used engine oil and new engine oil were compared. C2 molecular
band emissions were also used to determine the degree of the engine oil degradation. Next,
calibration models were developed for samples with high species concentrations. A partial least
squares regression model was developed for calibration models to overcome matrix effect
problems of some lines of each metal.
This research successfully used the LIBS technique to determine the degree of engine oil
degradation. This study established that used engine oil analysis using the LIBS technique can be
utilized to maintain engines in good condition and to prevent engine failure. This paper presents
the key findings and conclusions regarding the application of LIBS. Finally, although this
technique shows many benefits and reliable results, challenges remain in terms of matrix effects,
spectral pre-processing, model calibration, and instrumentation.
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CHAPTER I
INTRODUCTION
1.1

Laser-Induced Breakdown Spectroscopy (LIBS)
Laser-induced breakdown spectroscopy (LIBS) is an atomic emission spectroscopic

technique that uses a focused pulsed laser beam to generate plasma from material samples. It is a
promising method in analytical chemistry and materials analysis since it enables direct analysis
of solids, without any chemical preparation. The generated plasma contains free electrons and
ions that produce radiation when the plasma cools down. However, the lack of standard
materials and modest repeatability does not allow researchers to reach as low detection limits and
precision as with some sophisticated methods; thus, it mostly is used for the qualitative, semiquantitative or comparative analysis. The LIBS technique is also suitable for quick and online
elemental analysis of any phase of material and has proved its importance in obtaining analytical
atomic emission spectra directly from solid, liquid, and gaseous samples [1]. It is a selective and
robust atomic emission spectroscopy method where a high intensity laser pulse thermally
dissociates and excites a minute quantity of the sample material, including particles.
The main benefits of single particle LIBS are the high preconcentration of the sample and
the absence of a liquid matrix that suppresses the LIBS signal. Analysis can be carried out
without physical contact with the examined sample, since only optical access is necessary. For
the elemental analysis of solid and liquids samples, LIBS is a very effective technique capable of
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analyzing elements (e.g., Al, Cu, Ca, Fe, Mg, Mn, Na, and Zn) indicative of wear in used engine
oil.
Optical measurement technology is based on the interaction between light and matter. If
optical access to the object is provided, almost every physical property can be measured either
directly or indirectly using light or a portion of the electromagnetic radiation that ranges from the
infrared through the ultraviolet [2].
In the area of materials science analysis, LIBS has been gaining attention and the number
of publications found in the literature has grown remarkably in the last few years. However, less
attention has been paid to liquid food samples, especially with regard to direct analysis. Unlike
solid samples, LIBS analysis of liquid samples, whether in bulk or on the surface, would
encounter difficulties—such as splashing, surface ripples, and shorter plasma duration [1].
1.2

LIBS technique
Basically, the processes involved in the LIBS technique include laser-sample interaction,

sample removal, breakdown processes, and element specific emission. Firstly, for the purposes
of LIBS analysis, a pulsed laser beam is focused onto the target sample surface. Once the laser
has impinged on the sample, laser-sample interaction happens when the sample absorbs energy
from the pulsed radiation field. The pulse duration is usually nanoseconds, femtoseconds, or
picoseconds. The absorbed energy will be converted into heat, causing vaporization of the
sample once the temperature reaches the sample material’s boiling point. Continuous strong
heating will lead to ionization and plasma formation. The plasma plume dynamical evolution
can be categorized by fast expansion and cooling. The element-specific emission could be
identified from the spectrum roughly a few microseconds after the laser ablation pulse [3]. The
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plasma light spectrum shows both wavelength and intensity. The wavelength indicates the
element identification whereas intensity indicates the amount of the element in the sample [4].
As the plasma cools, the atoms, ions, and molecules lose energy via spontaneous
emission of photons. A spectroscopic analysis of the plasma light will thus yield the elements
that are present in the target material. The positive identification of many elemental lines,
including both the wavelength and the intensity within the emission spectrum, will form a unique
spectral fingerprint of the target, such as soil, powder and oil [5]. Figure 1.1 shows a sketch of
the experimental setup of a LIBS system.

Figure 1.1

Sketch of the experimental setup of a LIBS system.

A pulsed Nd:YAG laser beam is focused onto the surface of a sample. The beam interacts
with the sample to generate the plasma plume. After the beam interacts with the sample, the
3

evolution of the plasma is observable, starting at about 50 ns. This vapor and the surrounding gas
plasma generate the emission of radiation of any element from the sample. The emission of
radiation can contain atomic, ionic, and molecular bands. The hot laser-produced plasma
radiates various types of emissions, ranging from X-rays to infrared radiation. LIBS has various
advantages over conventional laboratory-based techniques, including that it is a sensitive optical
technique with high spatial resolution (small focal spot) [1]-[3], [6], [7]. Finally, the beauty of
this technique is that it can provide online and real-time analysis of samples from a remote
distance, because it requires no direct contact with the sample. The main processes that occur
during nanosecond LIBS can be illustrated in the following steps [8]:
1. A short laser pulse is incident on a target material.
2. The incident energy is deposited in the sample and as a result, it vaporizes a small
amount of the sample. The incoming laser pulse will also interact with the vapor
plume to create a high-temperature plasma.
3. An optic (lens or optical fiber) is used to collect light and a spectrometer
dispersing element (typically a grating) is used to disperse the emitted light. The
light originates from spontaneous emission of hot atoms and/or ions in the
plasma.
4. The resulting atomic emission peaks are analysed to determine the elemental
constituents of the sample and their relative concentrations.
Figure 1.2 shows all the steps to create a LIBS plasma from its original sample matrix.
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Figure 1.2

1.3

Figure 1.2
Schematic view illustrating the basic steps to create LIBS plasma
from its original sample matrix.

LIBS of solid samples
The analysis of solid samples usually involves a combination of various strategies,

methodologies and techniques with the objective to extract the most useful analytical information
possible. However, chemical composition is not the most important information in material
science; it is usually the starting point for further studies, leading to complete and satisfactory
information about the examined material. Techniques based on ion, electron or X-ray photon
beams dominate in the field of direct and space-resolved analysis of solid samples. However,
problems associated with the lack of compatibility with various matrices, limited range of
species determinable simultaneously, low sensitivity or the high price of instruments, constrain
the usage of these methods in the laboratories of atomic physics or material sciences.
5

A laser beam has the capacity to examine the material independently of its state of matter,
roughness, electric conductivity or other conditions limiting other sampling processes. However,
the process of laser ablation is strongly dependent on the examined material; thus, experimental
conditions of laser-sample interaction should be optimized carefully for every type of material.
The vapor absorbs laser energy and forms a high temperature plasma near the sample surface.
The plasma expands into the atmosphere and transfers its energy in various forms. The emission
lines from the highly ionized ions can be found close to the target surface, whereas emission
from the singly ionized and neutral particles appear further away from the surface. The laser
breakdown threshold is lower in solids than in liquids and gaseous samples. Generally, less
energy is needed for solid sample applications. Techniques for direct surface analysis of solids
are generally applied for:
➢ Sample composition determination
➢ 2D/3D spatial elemental analysis
➢ Trace/impurities analysis
➢ Layer thickness determination
➢ Crystallographic information
➢ Chemical information
In this study, limit of detection (LOD) is evaluated for two different concentration ranges
by considering resonance and non-resonance emission lines, respectively. Though limited by its
linear dynamic range, resonance line of Sr (II) 404.77 nm gave a LOD of 30.93 ppm against
210.92 ppm for Sr (II) 346.44 nm, which is a non-resonance transition. By optimizing laser
parameters, double-sided tape on a glass slide can be used for quantitative results similar to those
reported in literature using pellets with oxide mixtures. The developed method can be carried out
6

on powder which would be comparable to the samples obtained in a pellet. The quantitative
spectral analysis involves relating the spectral line intensity of an element in the plasma to the
concentration of that element in the target that provides a calibration curve.
1.3.1

Powders
Powders are one of the large variety of solids which have a mutable consistency. It is a

binary powder mixture of SrCl2 and Al2O3 on a double-sided tape glass slide which was herein
studied and analyzed by the LIBS technique. These powders are either homogeneous or
structured, such as composite materials. Analysis of powdered samples is less utilized even
though the powdery materials represent a significant portion of existing potential specimens.
Pulverized samples present both benefits and difficulties [9]. The benefits are the ease of
preparation of synthetic calibration standards by mixing of the appropriate components, a
flexible matrix matching and a sample spiked with an arbitrary internal standard. However, it is
to be conceded, that the manufacturing of acceptably homogeneous and sufficiently firm targets
is sometimes laborious and/or unsuccessful, which balances out the advantages of non-wet
chemistry in the analytical procedure.
1.3.2

Laser-sample interaction
The required power density about of 109 W⋅cm-2 can be reached by focusing coherent

laser radiation on an area of hundreds of µm². The interaction of the laser beam with the sample
surface leads to complex processes including material release, crater and micro plasma creation.
The high-power density causes atoms and ions to be ejected and sputtering of fragments of the
surface layer. This complex process is called ablation [10]. The process of surface heating and
material evaporation in the beginning of the pulse can result in pressures up to 105 MPa. This
7

pressure intercepts more sample evaporation until another sample layer is heated up to the
critical temperature, so that the released material has the form of superheated melt. However,
there are also solid particles, ions and aggregates released during the process. At the boiling
point of the material, vapor tends to condense as droplets absorb and scatter the laser beam,
inducing strong heating and ionization and finally plasma formation [11]. The dynamic
evolution of the laser plume is characterized by a fast expansion of photo ablated fragments
while the subsequent cooling down of the material helps the formation of polyatomic aggregates.
The schematic view of the ablation process is sketched in Figure 1.3.

Figure 1.3

Sketch view illustrating laser ablation process.
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1.3.3

LIBS of liquid samples
The quantification and identification of light and heavy elements within liquid samples

are important from the application point of view, particularly in industrial processing,
environmental monitoring, and waste treatment. Previously, liquid samples were studied by
focusing the laser in the bulk liquid, which creates heavy splashing as a result of shock waves
[12]. These effects change the position of the liquid surface with respect to the laser focus,
which adversely affects the analytical results. Instead, generation of plasma in the liquid
prevents splashing if the plasma is formed on the liquid surface.
Bulk generation of the plasma presents another drawback in terms of a decrease in the
duration of plasma emission; that is, the resulting plasma light observation time is extremely
short, usually of the order of 1 µs or less. Cremers et al. [13] found in their experiments on liquid
samples that, in general, plasma parameters (plasma density and its temperature) could not be
derived accurately for delay times beyond 1.5 µs.
Identification of engine oil’s origin, as well as the presence of certain elements in its
composition, are important to determine its quality and for its further processing. An elemental
analysis of crude oil consists of determining the presence and content of elements, such as C, H,
O, S, N, Ni, V, Fe, among others. Engine oil analysis can prevent engine failures before they
occur. Analysis of used engine oils can save money through changing engine oils early or
repairing engine failure after changing oil later. The laser-induced breakdown spectroscopy
(LIBS) technique has been successfully used with multivariate analysis (MVA) to determine the
degree of the engine oil degradation. The partial least squares regression (PLS-R) model was
used to develop calibration models to overcome matrix effect problems of some lines of each
metal. The failure of engine parts was predicted by used engine oil degradation.
9

1.4
1.4.1

Instrumentation
Basics of LIBS measurements
The basis of any LIBS measurement is the emission spectrum recorded from a single

plasma. Each firing of the laser atomizes a portion of the sample in the pulsed laser beam focal
volume and produces a plasma that excites and re-excites the atoms to emit light. The plasma
light is collected and recorded, resulting in a measurement. The recorded quantities may be a
spectral region or the emission wavelength of a single line or set of lines. From the spectrum, the
intensities of the analyte’s emission lines are determined [14]. The most important spectral
region for LIBS spans 200 – 800 nm, over which most elements exhibit at least a few strong
emission lines. In addition to emission from atoms and ions, emissions from simple molecules
are observed from some samples. In general, high concentrations of the elements composing the
molecules must be present for molecular emissions to be observed.
1.4.2

Optical Emission Spectroscopy
The scope of optical emission spectroscopy (OES) is in the inspection and the

employment of the radiation of excited atoms and ions. The technique of OES is non-invasive,
easy to implement and measurements are fast. The method of OES is passive and based on
recording light emitted. Through collisions of plasma particles with electrons, plasma particles
are excited to higher electronic states. Relaxation of excited particles to lower energy states is
the origin of emitted photons of light. The energy of the released photon is equal to the energy
difference between excited and lower energy states and corresponds with the wavelength of
spectral line described by Equation 1.1:
𝜆=𝐸

ℎ𝑐

(1.1)

𝑝 −𝐸𝐾
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where h is Planck’s constant, c is the speed of light, Ep and Ek are the upper and lower state
energies, respectively.
The lifetime of the unstable exited states is very short and transfer back to a lower state
(often the ground state) causes radiation, which is polychromatic, but not continuous. This
radiation consists of emission of various wavelengths, which are characteristic for particular
elements present in the monitored sample. Radiation analysis leads to obtaining the light
spectrum, where the position of lines (wavelength) and their intensities determine the qualitative
and quantitative elemental composition, respectively. OES inspects the spectral region of 10 to
1500 nm, where 10 - 200 nm belongs to vacuum ultra-violet, 200 - 800 nm to UV-VIS and 800 1500 nm to infra-red region [15]. Since the energy of a transition is a characteristic of the
particle species, the analysis of the photon energy can reveal the composition of the plasma. The
energy can be delivered to the sample by thermal collisions or light absorption (photons of the
flame, plasma, electrical discharges or lasers) and must be high enough to reach the excitation
potentials of the spectral transitions of the atoms present. The values of excitation potentials are
determined for each spectral transition by the energy differences of particular electronic states of
the atom [16].
1.4.3

Plasma properties
Plasma is a conducting gas and, as the fourth state of matter, has properties which are

distinct from ordinary neutral gas or a nonconducting fluid. A plasma is formed under the
condition that the average kinetic energy of an electron substantially exceeds the average
Coulombic energy needed for an ion to bind the electron. The average kinetic energy of an
electron is represented by the electron temperature Te. Here, and throughout this dissertation, I
shall use temperature as an energy unit in which the Boltzmann constant is taken to be unity.
11

The average Coulombic energy needed for an ion to bind the electron is represented by e2/4πЄod,
where d is the average distance between the nearest electron and ion, e is the elementary charge
and Єo is the permittivity of vacuum.
A plasma is electrically conductive, even if the outward charge is zero. It can be obtained
by electrical discharge in plasma gas. According to the way of the discharge, it can be
distinguished as DCP (direct coupled plasma), MIP (microwave-induced plasma), ICP
(inductively coupled plasma), and laser-induced plasma. The characteristic properties of a
plasma are excitation temperature Tex and electron density ne.
1.4.4

Lasers for LIBS
A variety of lasers are used in LIBS systems. The Nd:YAG laser operated at its

fundamental wavelength of 1064 nm or at one of the harmonic wavelengths is the most common
laser used. Solid-state Nd:YAG lasers are prioritized due to their relatively low price, easy
maintenance and optimal size enabling placing them into a small ablation system. It works at
fundamental wavelength of 1064 nm or second, third, fourth, or fifth harmonic (i.e., 532, 355,
266, or 213 nm) [17].
The case corresponding to the laser wavelength being strongly absorbed by the plasma is
called plasma shielding. In fact, plasma shielding can be taken as an undesirable effect
preventing LIBS from reaching better detection ability by decreasing the ablated mass from a
sample. This effect is a well-known mechanism in laser-produced plasmas (LPPs), reducing
laser photon transmission to the target and, as a result, significantly reducing target heating and
erosion.
The laser beam interacts with the microplasma created on the sample surface at the
beginning of the ablation process. However, the laser energy can be reflected by the
12

microplasma; thus, it does not reach entirely the sample surface. While UV photons with higher
energy pass easily through the microplasma, IR photons are more absorbed and reflected. The
majority of UV photons reaches the sample surface and causes the material to be ejected out of
the sample surface. In contrast, IR wavelength photons are absorbed by the microplasma,
causing the plasma heating up and thus evaporation of material from the sample surface. The
degree of plasma shielding also depends on the laser pulse duration. During a nanosecond pulse,
atoms and ions above the sample surface appear and thus the photons from the laser beam are
absorbed. In contrast in the case of femtosecond lasers, the beam interacts only with the sample
surface; there is no interaction between laser beam and microplasma, because the pulse ends
before the microplasma is created. Short pulsed lasers ensure higher precision of analytical
results and higher effectiveness of ablation [17].
1.5

Spectra evaluation
The accurate identification of LIBS emission lines is essential for determining the

elemental constituents of a sample. Examination of the LIBS spectrum will reveal those
elements in the sample that are present at concentrations above the minimum detectable by the
method. A list of elements found in a tested sample is useful for qualitative analysis while the
intensity of an emission line or set of lines is used for quantitative analysis. To identify an
element, one has to consider a few basic topics, such as spectral interferences, relative intensities
of lines, the ionization stage of the element (to distinguish spectrally interfering lines), the
experimental conditions (to determine the species observed), and finally observation of multiple
strong lines (to testify the presence of element).
Based on the data recorded by the detector, the background due to dark noise in the
detector can be subtracted out of the recorded spectrum, usually automatically. It should be
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observed that a detection system, such as a polychromator with photomultiplier tubes (PMT)
mounted behind a slit will record the sum of the emission signal and white light background
[18]. The recorded light intensity is attributed to a single wavelength, corresponding to an
analyte wavelength, so the sum of the signals will be processed.
In the case of using an array detector, such as an intensified charge-coupled detector
(ICCD) array system, a non-intensified CCD array detector system, and so on, the intensity as a
function of wavelength is recorded and processing of the line shape and background subtraction
can be carried out [19].
Currently, LIBS is limited by problems of low reproducibility, wide data scatter,
nonlinearity of the calibration curves, and resulting poor accuracy. Problems associated with
inadequate standards and shot-to-shot variation in plasma conditions, which in turn are caused by
the stochastic nature of the laser-material coupling, seem to be the major cause of these effects.
Some correction methods have been presented to enhance the reproducibility and
accuracy of LIBS measurement. The simplest way to reduce the effects of shot-to-shot
variations is to normalize the analyte line intensity to the intensity of a matrix reference line.
Practically, the intensity ratio is usually plotted versus the concentration ratio of the analyte to
the matrix reference element. This method has been adopted by S. Yao et al., who calculated the
line intensity value as the maximum of the line profile divided by the background [20].
1.6

The matrix effect
One of the fundamental challenges for in situ analysis using LIBS is quantification of

elemental compositions. It has often been reported that conventional calibration curves suffer
from matrix effects [18], [19]. Matrix effects occur due to different reasons. The spectral matrix
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effect occurs when strong lines of a matrix element interfere with weak lines of an analyzed
element. This can be avoided by careful peak selection or peak fitting.
The physical and chemical effects of the matrix effect are related to the fact that the
presence of the other elements can alter the plasma temperature and the electron density, hence
changing the concentration of the elements present in the plasma. Correction of matrix effects
due to different physical characteristics and chemical compounds is more challenging than the
spectral matrix effect. The physical matrix effect depends on the physical property differences
of samples, such as heat of vaporization, thermal conductivity, absorption coefficient, water
content of samples, which affect the transport and extent of vaporization, atomization, and
ionization of an ablated mass into a plasma [19].
During data processing, self-absorbed spectral lines show non-linear response of peak
heights with their concentrations. Self-absorption occurs due to the absorption of emitted light
by other atoms of the same element that exists at high density in the plasma, resulting in flattopped spectral lines, or a dip in the centre [21]. Therefore, these effects need to be compensated
for during the analysis by avoiding the use (if possible) of self-absorbed spectral lines.
To make a comparison of particular concentrations of observed element in various
samples, the intentional steps lead to providing the same matrix for all samples. For example, in
the case of pressed pellets ablation, a larger amount of binder is added to each sample in order to
maintain a similar matrix and thus to minimize the matrix effect. In this work, quantitative
analytical methods for compensation of matrix effects and self-absorption for solid targets are
presented.
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1.7
1.7.1

Data analysis
Univariate methods
Univariate analysis is the simplest form of analyzing data. Here, the calibration curves of

the emission lines are determined by plotting the analytical lines intensity versus the
concentration. The intensity ratio of the line and a reference line have been used as an internal
standard to overcome the matrix effect [22]. The calibration curve has been improved by using
the average of several laser shots [23].
Standard addition method (SAM): The linear regression line of the SAM calibration
curve has been used to determine the unknown analyte concentration for samples containing the
same amount of unknown and different amounts of known (standard) elements.
Simple linear regression (SLR) models: Univariate calibration curves of selected
analyte lines are obtained by performing linear regressions for each of the elements detected. In
general, the linear regressions with R2 greater than 0.90, reveal a good correlation of the spectral
lines and their concentration. The data points lying far from the regression lines are likely
outliers. However, the term “outlier” should be used with care. Although these outliers might
just be statistical errors in data processing, judging from the relatively small variation of the error
bars related to the intensity of these points, they might also be inherent to the very nature of the
sample and the LIBS technique, in which case we describe this as “matrix effect” [14].
1.7.2

Multivariate analyses
Multivariate regression analysis can construct a calibration model using all spectral and

compositional data, by correlating spectral data with known composition changes [21]. In
multivariate regression analysis, spectral datasets of samples with known compositions need to
be prepared for a training dataset.
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The concentrations of unknown samples in a test dataset can be calculated using the
calibration model constructed by the training dataset. Principal component regression (PCR) and
partial least squares (PLS) are the most common methods for multivariate regression analysis
used in LIBS. Both methods can take into account chemical and physical matrix effects by
including peak information of matrix elements in the model as with other multivariate regression
analysis. While Principal Components (PCs) are extracted only from signal information in PCR,
PLS takes into account both signal and elemental concentrations in extracting latent variables
(LVs) from the original signal data. In this dissertation, multivariate analysis methods, such as
PCA, PLS-R, and predicted regression with LIBS spectra, were performed.
Principal component analysis (PCA): The PCA method was used with LIBS spectra of
the samples. The wavelengths of LIBS spectra were used as variables, and kinds of engine oil
were used as samples.
Partial least squares regression (PLS-R): PLS-R, an alternative means of minimizing
matrix effects, is a use of multivariate analysis; this approach is especially useful when we have
samples containing emission lines from multiple elements with high likelihood of strong spectral
interferences. Multivariate analysis comes in various forms, amongst which is a partial least
squares (PLS) analysis. PLS has been widely used to minimize the matrix effect [14].
In this study, I used PLS-R to predict the levels of a different concentration metals in new
engine oil. This method was used to determine metal concentrations in used engine oil samples
with a total of 15 variables for Al, Fe, Cr, Mg, and Mn analytical emission lines. PLS-R was
also used in the calibration models to minimize the matrix effect and interference of element
lines. The variables are the LIBS spectra intensities and the concentration which has to be
independently measured for each sample used. If the spectral data contain information about the
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properties of interest, a reliable calibration model can be constructed as presented in Chapter 4
for engine oils.
1.7.3

Optical thickness and self-absorption
The effect of self-absorption on line intensity in optical emission spectroscopy has been

the subject of a number of papers, in recent years; several methods for evaluating the reduction
of line intensity due to this effect have been proposed. The self-absorption phenomenon in an
Inductively Coupled Plasma (ICP) has been experimentally studied by Omenetto et al. [2]. The
results were interpreted by means of the Curve of Growth (COG) method [4], which later
Gornushkin et al. [24] applied to LIBS.
Therefore, a method allowing the evaluation of self-absorption effect directly from the
analysis of the LIBS spectrum could be extremely useful in the experimental practice. This is
the purpose of the method presented in this study. In fact, provided the electron density can be
derived from the spectrum, the measurement of the Lorentzian width of the emission line allows
one to evaluate the self-absorption effect.
This work is aimed at introducing a novel analytical approach using laser-based
spectroscopy for determination of strontium in Sr powder mixture samples elemental analysis
where many elements are present. Rapid quantitative determination of elemental composition
was performed for some important powder products using LIBS technique. The detection limit
of strontium ions Sr has been determined for samples using the standard addition method (SAM)
with LIBS spectra. LIBS data will be utilized to establish a relationship between LIBS intensity
and the concentration of metals. I applied partial least squares regression (PLSR) and simple
linear regression (SLR) models to predict levels of metals in new and used engine oil. To
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compare LIBS spectra of used and new engine oil, both univariate analysis and multivariate data
analyses methods were used.
In general, this study demonstrates the feasibility of using LIBS as a simple, nondestructive, fast and cost-effective technique to perform in situ qualitative analysis of a powder
mixture of strontium chloride and aluminium oxide with little or no sample preparation.
1.8

Aim and scope of the work
LIBS has proved its potential application in the analysis of impurities, pollutants and

toxic elements in various types of matrices of different samples (solids, liquids, and gases), even
those present under difficult and harsh environmental conditions. The scope of this work was to
apply the LIBS technique to the analysis of Sr powder using double-sided tape as a developed
method. At first as bulk analysis of raw materials as a powder form, then spatially and depth
resolved analysis of commercial Sr product. The objective of this work was to develop laser
spectroscopy-based technology for the detection of strontium concentrations in Sr powder
mixture samples where many elements are present. The work was extended by the study of the
enhancement of the calibration models to overcome matrix effect problems of some lines of each
detected metal in the samples. LIBS data will be utilized to establish a relationship between
LIBS intensity and the concentration of metals. Further objectives studied were:
➢ To compare different data-driven multivariate statistical predictive algorithms for
the quantitative analysis of strontium content in strontium powder mixtures
(where many elements are present) measured using Laser-Induced Breakdown
Spectroscopy (LIBS).
➢ To study the possibility of using LIBS for evaluating and identifying mineral
elements, as well as harmful metals content in strontium powder mixture samples.
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➢ Develop a method to compensate for matrix effects and self-absorption during
quantitative analysis of compositions of engine oil using laser induced breakdown
spectroscopy.
➢ To establish a relationship between LIBS intensity and the concentration of
metals in the new and used engine oil.
➢ To develop the PLS-R calibration models to overcome matrix effect problems of
some lines of each detected metal in the engine oil.
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CHAPTER II
THEORETICAL BACKGROUND OF LIBS
2.1

Brief Historical Review of the Development of the LIBS Technique
In its basic concept, a LIBS measurement is performed by forming a laser plasma on the

sample and then collecting and spectrally analyzing the plasma light. In the data analysis and
processing, qualitative and quantitative analyses are carried out by recording emission line
positions and intensities. The LIBS method has been in existence and carried out prior to 1980.
As mentioned in the general introduction, LIBS is a versatile technique that has many attractive
features for a wide range of applications. LIBS provides rapid, multi-element analysis of
materials in different physical states and its technology is a specifically useful and highly
demand technique for the analysis of materials. Recently LIBS has been used to analyze
microbiological samples, such as bacteria, mold, or pollen [25]. However, LIBS has some
drawbacks when considering quantitative aspects such as the limit of detection, accuracy, and
reproducibility. From a fundamental point of view, this can be due to the complex nature of the
laser-sample interaction process together with the time- and space-evolution of laser-induced
plasma. Liquid analysis by LIBS with echelle spectrometers has allowed a spectral database to
be compiled [26]. In fact, as a spectroscopic emission source for LIBS applications, laserinduced plasmas are quite specific compared to other plasmas (e.g., discharge, inductively
coupled plasma, etc.) due to its violent expansion into the ambient gas. Therefore, the
description of the mechanisms involved in plasma evolution and the consequent emission
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characteristics represents one of the key points for LIBS as an analytical technique. Different
from XRF analysis, LIBS can analyze samples with lower atomic weights than Na.
Meanwhile, it is also capable of analyzing elements in rock and mineral samples with
sub-millimeter spatial resolution and can reach to depths of several hundred microns. LIBS
success is due to several advantages that make this analytical technique unique. Among these
advantages are the possibility of determining multiple elements, fast response, remote
determination, the minimum sample treatment required, the attractive low instrumentation cost,
its ease of use and portability [27]. The main properties of laser light that distinguish it from
conventional light sources are intensity, directionality, monochromaticity, narrowness of the
beam divergence angle and it is indirectly related to the ability of the laser to produce high
irradiance [28].
In this chapter, I will first describe the physical backgrounds to understand the laserinduced plasma from its generation to its propagation into the ambient gas. The mechanisms of
laser ablation, as well as the processes of the post-ablation laser-plasma interaction, will be
presented. Secondly, I will describe the characterization of a laser-induced plasma with optical
emission spectroscopy. The methods of determination of the physical parameters of a plasma,
including electron density and electron temperature, will be presented. Thirdly, I will focus on
the analytical aspects of LIBS, discussing several important issues studied in this dissertation,
including the calibration procedures, the figures-of-merit in quantitative LIBS, and the matrix
effects as well as normalization approaches in LIBS analysis.
Laser pulse durations in the range of 10–1000 ns can be produced by Q-switching
techniques, where laser operation is suppressed and population inversion in the solid rod
increases greatly over the normal threshold condition [28]. If the Q-switching component in the
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laser cavity is changed to a transparent condition, the laser rod, now in a highly inverted state, is
coupled to the two mirrors of the cavity and the stored energy is emitted in a pulse of much
higher power and much shorter duration than without Q-switching [29].
Lasers currently used in LIBS are predominantly solid-state lasers (Nd:YAG,
Ti:Sapphire), gas lasers (CO2), and excimer lasers (KrF); however, excitation and ablation has
expanded to the 2 µm regime with the introduction of holmium- and thulium-based lasers, which
are used in medical laser ablation [30].
Laser-induced spark emission, which was introduced in 1962 (two years after the first
ruby laser), is considered the precursor of LIBS. The first analytical use of laser-induced plasma
for spectrochemical analysis of surface was reported in France in 1963 and is considered the
birth of the LIBS technique [31]. Subsequently, laser-induced plasmas were not only considered
as the result of laser sampling, but also as the emission source for LIBS.
2.2

Principles of LIBS
The main process that conducts through LIBS can be highlighted as below:
1. A fast pulse of laser is focused on a selected target.
2. The energy is directed in the sample and it will melt a piece of the sample, so the
high temperature plasma will be created by the interaction between laser pulse
and the vapor plume.
3. An optic (lens or optical fiber) is used to collect light and a spectrometer
dispersing element (typically a grating) is used to disperse the light. The light
originates from the spontaneous emission of hot atoms and/or ions in the plasma.
4. The elemental constituents of the sample will be determined from the atomic
emission peak.
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All the above steps will be discussed throughout this dissertation to explain the process.
2.2.1

Energy source
Applications of LIBS usually use an Nd:YAG (neodymium-doped yttrium aluminum

garnet) pulsed laser with an infrared wavelength of 1064 nm. This laser is well known and most
used as a solid-state laser. The Nd:YAG laser or neodymium ions in amorphous form YAG glass
behave as the gain factor. Nd+3 levels of energy show 4-levels of laser beam as explained in
Figure 2.1.
The Nd:YAG pump bands occur at wavelengths less than 900 nm, particularly at
wavelength ranging from 730 and 800 nm. These two bands are linked by nonradiative
transition to the Nd+3 4 F3/2 energy state. At this point, the metastable (long life) 4 F3/2 level will
be occupied and as a result a population inversion is achieved. After that, laser emission is
generated by the transition from 4 F3/2 to 4 I11/2 at λ = 1064 nm. Furthermore, the level 4 I11/2 is
also coupled by a fast nonradiative decay to the 4 I9/2 ground state energy level [32].
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Figure 2.1

Schematic energy levels of an Nd:YAG laser.

Nd:YAG lasers are also applicable at the second and third harmonic wavelengths of λ =
532 nm (visible emission) and 355 nm (ultraviolet emission), respectively [33]. Here, it is
possible to generate harmonics by inserting a non-linear optical crystal into the path of the 1064nm laser beam. Moreover, these lasers can be operated in continuous wave (cw) or Q-switched
mode. In the case of cw lasers, the energy flows smoothly and constantly with time. Q-switched
mode can be reached by using an electro-optical device (i.e., polarizer) inside the laser cavity,
specifically between the rear mirror and active medium, to control when stimulated emission
occurs. Here, the output of the laser occurs in a series of short (in the nanosecond domain)
energy pulses that can be pressed into concentrated packages. On the other hand, recent LIBS
experiments have also been carried out with femtosecond lasers [34], [35].
2.2.2

Fundamental ablation processes
Our LIBS experiment was divided into three main processes: primary laser-matter

interaction (heating, evaporation, and bond breaking), plasma generation, and plasma expansion
and cooling. In the following sections, I will discuss those events in more detail.
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2.2.2.1

Ablation and plasma creation
A strong pulsed laser is usually focused to the smallest spot size on the sample; the spot

size depends on the quality of the beam. In the LIBS system I used, the duration of the pulse is
in the nanoseconds range and of about 10 ns in duration. Some LIBS experiments have been
conducted using picosecond or femtosecond pulsed lasers [35], [36], [37]. The laser pulse
energy is converted into heat, causing the vaporization of part of the sample (this process is
called “ablation”) and results in a high-pressure vapor plume.
Usually, the ablated mass ranges from hundreds of nanograms to a few micrograms. The
maximum amount of ablated mass (M) that can be evaporated by a laser pulse can by calculated
from Equation 2.1.
𝑴=𝑪

𝑬(𝟏−𝑹)
(𝑻
𝒑 𝒃 −𝑻𝒐 )+𝑳𝒗

(2.1)

where R is the surface reflectivity, Cp is the specific heat, Tb the boiling point (K), T0 room
temperature (K), E is the energy of the laser pulse, and Lv the latent heat of vaporization [33].
The time required for this process is less than the pulse duration in nanoseconds.
Subsequently, the laser pulse will illuminate the vapor plume which causes more absorption
within the vapor plume, which then finally leads to an ionized plasma. This ionized plasma will
protect the sample from more illumination and ablation as well.
The most common processes leading to plasma shielding are absorption of the laser
energy by the electrons (inverse Bremsstrahlung) and the ionization by multiphotons as will be
studied in the coming section. As a result of the decoupling of the laser from the sample, there
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will be strong heating, ionization and plasma formation in this plume as shown in the schematic
diagram in Figure 2.2 [33], [38], [39].

Figure 2.2

2.2.2.2

Illustration of plasma shielding effect.

Plasma breakdown
The most common principal step causing plasma breakdown in the vapor plume requires

that in the focal volume of the laser beam, there are some free electrons from natural
radioactivity, such as cosmic rays that have a short wavelength [39]. The second step, an
electron avalanche or electron cascade ionization happen within the vapor in the focal region of
the laser. A typical LIBS irradiance is on the order of 108 –1010 W/cm2 [33]. At this level of
irradiance, electron and ion densities are approached via cascade ionization rather than from
multiphoton production of electrons produced according to Equation 2.2:
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𝑀 + 𝑛ℎ𝜈 ⇄ 𝑴+ + 𝒆−

(2.2)

where n is the number of photons M is the atom of interest, h is Planck’s constant, and ν is the
frequency of the light.
An atom can be ionized by the absorption of n photons from the laser field [40]. This
happens when the intensity of radiation is high enough and the photon energy is less than the
atomic ionization energy (work function). From quantum mechanics, there will be a probability
that the atom will absorb several photons “simultaneously” and excite a bound-free transition.
Consequently, a free electron will be released. This process can be shown in Figure 2.4 [41].

Figure 2.3

Ionization by multiphoton absorption.
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Basically, the generated electrons can be accelerated via the inverse Bremmstrahlung
process by the electric field in the optical pulse during the time period between collisions with
neutral species. As a result, the electrons will be thermalized quickly, and they will gain
sufficient energy in order to collisionally ionize an atom or molecule according to the following
equation:
𝒆− + 𝑴 ⇄ 𝑴+ + 𝟐𝒆−

(2.3)

From Equation 2.3, more free electrons will be produced gaining energy from the field and this
leads for more ionization during the laser pulse and consequently increasing the whole electron
density. This process known as an “electron cascade” or an “electron avalanche’’ [33], [39].
Subsequently, abundant free electrons and ions are generated to assess the vapor a
plasma. In general, plasmas consist of atoms, ions and free electrons and they include equal
numbers of positive and negative charges, such as ions and free electrons, making them
electrically neutral. Due to the ratio of the electrons compare to other species which is less than
10%, LIBS plasmas can be considered weakly ionized plasmas.
Finally, the produced high-pressure plasma will press the surrounding gas and as a result,
a shock wave will result. Moreover, a loud noise can be heard. The plasma can then develop
according to three different wave models based on the incident irradiation intensity. These waves
are (a) laser-supported combustion (LSC) waves, (b) laser-supported detonation (LSD) waves,
and (c) laser-supported radiation (LSR) waves. LSC and LSD models consider most closely
represent typical LIBS experiments. Considering these models, the plasma and the surrounding
atmosphere are transmissive enough to allow the incident laser energy to penetrate adequately.
The plasma frequency is a natural resonant frequency of a plasma oscillation, equal to the
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minimum frequency of electromagnetic waves that can travel through the plasma without
attenuation. Eventually, the plasma will become opaque when the plasma frequency equals the
laser frequency. The previous condition can be achieved at a critical electron density, as shown
in Equation 2.4:

𝒏𝒄 ̴

𝟏𝟎𝟐𝟏
𝝀𝟐

/𝒄𝒎𝟑

(2.4)

where λ is the laser wavelength in microns. At 1064 nm, nc ̴ 1021/cm 3.
In this case, both the electron density and the plasma frequency will continue to increase
and at some point, the plasma frequency will be greater than laser frequency. In this case, the
laser radiation will be reflected by the plasma and this signals the end of the plasma formation
event and will lead to the plasma cooling [38]. After significant expansion and cooling has
occurred, light is collected from the plasma for LIBS analysis [39], [42], [43]. Moreover, the
main LIBS processes can be summarized in Figure 2.4.
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Figure 2.4

2.2.2.3

Schematic view illustrating the main LIBS processes.

Spectral emission from plasma
There are two sources for the spectral composition of the plasma emission. First is the

characteristic line radiation from elemental emission and the broadband non-specific component
which is consider as continuum emission. In fact, the continuum emission (radiation) is released
by the plasma as a result of free-free and free-bound transitions. Free-free transitions take place
when the electrons are accelerated or decelerated electrons due to their interactions with the
coulomb field of charged ions and neutral atoms. Based on the classical theory of electricity and
magnetism, they will radiate energy [33]. The free-free transition in the field of an ion can be
seen in the following reaction:
𝑴+ + 𝒆− (𝑴𝒗𝟐𝟏 /𝟐) ⇒ 𝑴+ + 𝒆− (𝑴𝒗𝟐𝟐 /𝟐) + 𝒉𝒗
While the free-free transition in the field of an atom is given by the following reaction:
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(2.5)

𝑴 + 𝒆− (

𝑴𝒗𝟐𝟏
𝟐

) ⇒ 𝑴 + 𝒆− (

𝑴𝒗𝟐𝟐
𝟐

) + 𝒉𝒗

(2.6)

During the free-bound process, abundant free electrons are captured into an ionic or atomic
energy level and then the electron will give up its excess kinetic energy in the form of continuum
radiation as representing in following reaction:
𝑴+ + 𝒆− ⇒ 𝑴 + 𝒉𝒗

(2.7)

The photon energy is equal to the difference between original energy of the electron and
its new energy in whatever level of whatever atom it ends up in. According to the difference
value, as this difference can have any possible value, the result of many free-bound transitions is
considered as a continuous spectrum.
The transitions are responsible for the characteristic elemental radiation is called boundbound transition. In case the atom or ion is found in the excited state, it will undertake a
transition to a lower state by either spontaneous or stimulated emission. The emitted photon
energy depends on the energy difference between the energy levels as shown in reactions which
explain the energy transition of free-free and bound-free as shown in the reactions in (2.8) and
(2.9) [39].
𝑴+ ⇒ 𝑴+ + 𝒉𝒗 (excitation of ions)

(2.8)

𝑴∗ ⇒ 𝑴 + 𝒉𝒗 (excitation of atoms)

(2.9)

All these transitions can be illustrated in the Figure 2.5.
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Figure 2.5

2.2.2.4

Energy levels and electron transitions.

Temperature and spectral lines intensities
The characterization of the elemental composition of the sample using LIBS depends on

the measurement of the intensities of the characteristics spectral lines which are connected with
the individual parts that present in the sample. There are two factors affecting the intensity of a
spectral line from a plasma. The first is represent the value of oscillator strength. From quantum
mechanics principles, the oscillator strength is used as a measure of the relative strength of the
electronic transitions within atomic and molecular systems. Generally, oscillator strength is a
dimensionless number that describes the relative intensity of an optical transition in case of
absorption or emission. The second factor depends on the conditions of excitation and
particularly on the density of emitters within the plasma. Physically, a plasma is “optically thin”
if the radiation emitted from an atom travels via and escapes from the plasma without significant
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absorption or scattering by other atoms. Here, not only will more intense lines be found, but
better quantitative LIBS results will be obtained, as well [33], [39], [42].
The spectral line intensity based on atomic transition observed in the plasma can be
determined by the plasma temperature. The relative intensities of any two lines from a given
atomic species can be related to each other and to the temperature by the Boltzmann and Saha
equations. The Boltzmann equation can be used for lines originating from two transitions with
two different upper state energies in one species, as given by:
𝑰𝟏
𝑰𝟐

𝒈 𝑨 𝝀

= 𝒈𝟏 𝑨 𝟏 𝝀𝟐 𝒆𝒙𝒑 [−
𝟐

𝑬𝟐 −𝑬𝟏

𝟐 𝟏

𝑲𝑩 𝑻

]

(2.10)

where A1 and A2 are the transition probabilities for the two transitions with wavelengths λ1 and
λ2, g1 and g2 are the statistical weights of the upper levels of the two transitions, E1 and E2 are the
energies of the upper states, KB is the Boltzmann constant, and T is the plasma temperature at
the observation time. Subsequently, the above equation is usually used to determine the plasma
temperature by measuring the relative intensity of two or more easily observed lines.
Using the Boltzmann equation to generate a Boltzmann plot is another method used to
find the plasma temperature. The spectral line intensity corresponding to the transition between
the levels Ek and Ei of an atomic species is given in Equation 2.11.
𝑰 = 𝑵𝒔 𝒈𝒌 𝑨𝒌𝒊

𝒆−𝑬𝑲 /𝑲𝑩 𝑻

(2.11)

𝑼𝒔 (𝑻)

where Ns is the number density (particle/cm3) for the corresponding species, Aki is the transition
probability, gk is the degeneracy of the level k, and Us(T) is the partition function for the emitting
species at the plasma temperature. By using this method, I can rewrite this equation to define
some scaled intensities (I /gk Aki) and I can then take the natural logarithm of both sides (see
Equation 2.12).
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𝒍𝒏 [𝒈

𝑰

−𝑬𝒌

𝒌 𝑨𝒌𝒊

]=𝑲

𝑩𝑻

+𝑪

(2.12)

This is the equation of a straight line (𝒚 = 𝒎𝒙 + 𝒃). When we plot the intensities of
many lines versus the upper state energy (Ek) and fit it to a straight line, in this case, the slope of
the line will be (−𝟏/𝑲𝑩 𝑻) and from this we can find the temperature [44]. The Saha Boltzmann
equation, which applies when one observed line is from a neutral atom and one from an ion of
the same species, is given by Equation 2.13.
𝑰𝒊𝒐𝒏
𝑰𝒂𝒕𝒐𝒎

= 𝟐𝙭

(𝟐𝝅𝑴𝒆 𝒌𝑻)𝟑/𝟐 𝒈𝑨
𝑵𝒆 𝒉 𝟑

𝒈𝑨

(𝝀)

𝒊𝒐𝒏

(𝝀)

𝒂𝒕𝒐𝒎

𝙭 𝒆𝒙𝒑 [−

(𝑽+ +𝑬𝒊𝒐𝒏 −𝑬𝒂𝒕𝒐𝒎 )
𝑲𝑩 𝑻

]

(2.13)

where I is the integrated emission intensity of the ion or atom, Ne is the electron density (cm-3),
gA is the product of the statistical weight and Einstein coefficient for spontaneous emission of
the upper level (s-1), λ is the wavelength (nm), V + is the ionization potential of the atom (J), Eion
is the excitation energy (upper level) of the ionic line (J), Eatom is the excitation energy (upper
level) of the atomic line (J), k is the Boltzmann constant (J/K), h is Planck’s constant (J s), and T
is the plasma temperature [45].
The previous equations were written considering that the obtained plasma is at
thermodynamic equilibrium, Tion = Telectron = T. The characteristic of thermal equilibrium is that
all processes in the plasma are collision-dominated, which is rarely achieved in such a complex
dynamic plasma even though the plasma is described using a single temperature parameter. In
addition, to finding the plasma temperature, the electron density Ne (which is also a time-varying
quantity) must first be known.
Herein, the electron density can be determined from the spectral line widths, Full-Widthat-Half-Maximum (FWHM) of hydrogen atoms, and H-like ions that demonstrates line
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broadening due to the linear Stark effect. For the linear Stark effect, the electron density and the
line width are related by Equation 2.14.
𝟑/𝟐

𝑵𝒆 = 𝑪(𝑵𝒆 , 𝑻) △ 𝝀𝑭𝑾𝑯𝑴

(2.14)

where  is the FWHM and the parameter C is a constant used to calculate Ne [46].
2.3

Single-pulse LIBS
The number of studies dealing with the interaction of a strong laser field with matter has

increased notably, and the interaction process of laser pulses with duration ranging from
nanoseconds to femtoseconds, has been investigated, both on a theoretical basis and from an
experimental point of view. A study about the comparison of double with single pulse laser
excitation was conducted at the constant total excitation energy of the sample. With reference to
the measurement of optical emission from samples immersed in water, the technique of multiple
laser pulse has been recommended as a useful method to improve some specific aspects [47].
The optimization of experimental conditions led some authors to use double or multi-pulse laser
excitation [48], [49]. especially with reference to the measurement of optical emission from
samples immersed in water. However, the technique of multiple laser pulses has been devised as
a useful way to improve some specific aspects.
The single pulse is the usual configuration of the LIBS technique. It consists of one laser,
guiding, focusing and collection optics, isolation of plasma radiation system and detection unit.
Various steps are made to optimize the analytical performance of the technique, among others the
focusing and timing conditions optimization. Single-pulse LIBS is used in common laboratory
experiments as well as for the field applications. For the remote and portable systems, it is
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convenient to work just with one laser with respect to the weight minimization and focusing
features.
2.4

Double-pulse LIBS
The analytical performance of LIBS can be improved in terms of sensitivity and limits of

detection by employing the double-pulse technique. This requires an experimental setup
allowing the emission of two laser pulses separated by a time gap (interpulse separation) on the
order of nanoseconds or microseconds [50]. The double-pulse technique was first used by
Cremers for the bulk analysis of transparent liquids [51]. The objective of the double-pulse
technique is to augment LIBS analytical performance which would lead to a more efficient
formation of analyte atoms and ions in an excited state [52]. The principle of the double pulse is
better coupling of laser energy to the target and ablated material, which leads to a more efficient
production of analyte atoms in an excited state and the longer sustained emission of the plasma.
In general, compared to the single pulse technique at the same total irradiance, double pulse
produces larger craters, bigger plasma, higher temperature, narrower spectral lines, less line
broadening, less line shift and slower time decay [53].
Over all, the review of the available literature shows that, even in the simplest
conﬁguration involving two identical lasers, the double pulse technique allows one to obtain a
desirable increase in the LIBS sensitivity of materials detection for several elements in the
sample under study [53].
Plasma produced by the second pulse gets a hotter environment to expand due to the
plasma produced by the first pulse. Consequently, temperature decreases more slowly and hence
stable signal can be obtained. This work has performed experiments with various combinations
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of lasers with different pulse widths, wavelengths, and energies, at different inter-pulse delays on
the powder samples.
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CHAPTER III
EXPANSION OF ANALYSIS OPTIONS OF STRONTIUM POWDER MIXTURES BY
LASER-INDUCED BREAKDOWN SPECTROSCOPY

3.1

Abstract
From emission spectroscopy, the emission spectrum of a sample, such as powder, is

composed of the sum of the spectra of the different elements present in it. The intensity of the
peaks will be a function of the ionization energy of each element and the amount of ionized
element during the laser emission. Laser-induced breakdown spectroscopy (LIBS) is a technique
that allows quantitative and qualitative analysis of a huge number of materials. Considerable
progress in the area of basic and applied research of LIBS has been made during the last few
decades. Herein, LIBS is used for quantitative analysis of strontium in a powder mixture of
strontium chloride and aluminum oxide. A double-sided tape affixed on a glass slide is used to
hold the sample. On this double-sided tape, the powder is poured, the excess dust that has not
adhered is removed. This is an important method to minimize the sample quantity and then
reduce the cost. Moreover, it helps to keep the powder samples on the glass slide during the
experimental work.
Limits of detection (LOD) are evaluated for two different concentration ranges by
considering resonance and non-resonance emission lines, respectively. Though limited by its
linear dynamic range, the resonance line of Sr (II) 404.77 nm gave a LOD of 30.93 ppm against
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210.92 ppm for Sr (II) 346.44 nm. By optimizing laser parameters, double-sided tape on a glass
slide can be used for quantitative results similar to those reported in the literature using pellets
with oxide mixtures. Both strong and weak atomic lines of Sr were used for the analysis of
atomic emission.
3.2

Introduction
Quantitative spectrochemical analysis is often carried on with techniques, such as

inductively coupled plasma - atomic emission spectroscopy (ICP-AES) or inductively coupled
plasma mass spectrometry (ICP-MS). These techniques are recognized for their figures of merit,
such as detection limit. However, the sample preparation involved poses a problem when
confronted with small amount of analyte. To overcome the step of sample preparation, other
analytical techniques, which do not need dissolution or digestion of the sample, can be used.
Such a technique is laser- induced breakdown spectroscopy (LIBS). Laser-induced breakdown
spectroscopy uses a high energy laser beam to create a plasma from which its optical emission is
recorded as a spectrum for qualitative and quantitative analysis if this plasma is stoichiometric,
optically thin and in local thermodynamic equilibrium [54], [55], [56]. The optical radiation
from the laser spark gives LIBS distinct advantages over conventional atomic emission
spectroscopy (AES). These advantages include but are not limited to minimal sample
preparation, real-time, in situ, and fast response monitoring. In addition, the flexibility of probe
design and use of fiber optics makes LIBS especially suitable for noninvasive standoff
measurements and robust plasma that can be formed under conditions not feasible with
conventional plasmas [56].
LIBS has been qualitatively improved for species identification with the latest optical
equipment, such as echelle spectrographs; however quantitative analysis remains a major
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challenge. The robustness of the quantification of LIBS relies on improvement of its figures of
merit, which are limits of detection, precision, and accuracy [55]. Difficulties encountered in
LIBS are inherent to the technique itself. Laser-sample interaction, the influence of physical and
chemical properties of the sample known as matrix effects have been reported as the main causes
of imprecision in LIBS [55], [57], [58]. The noninvasive nature of LIBS, small amounts of
sample and little or no sample preparation are also partially responsible as these may be a source
of non-homogeneity. Controllable variables including, but not limited to the choice of analytical
line, laser shot-to-shot variance, speed of sample movement, and detector settings (time delay
and gate width), also impede quantitative analysis of LIBS and consequently the limit of
detection [57], [59].
In this case, I am interested in a quantitative study of strontium in a binary matrix. The
electronic, optical, mechanical and chemical properties of strontium compounds have made them
useful and employed in various applications and research areas [60]. Strontium compounds are
used in nonlinear photonic glasses, superconductors, ceramics, catalysts, and in micro-electronic
thin films for memory storage capacitors and tunable microwave filters [61], [62], [63], [64],
[65], [66]. Strontium compounds are used in medicine (especially strontium chloride and
strontium ranelate) for treatment of osteoporosis [67], treatment of the extreme toxicity of
ingested heavy metals [68], and dental care [69]. Strontium chloride is also used in dermatology
against skin irritation [70], [71].
Instead of making pellets, a double-sided tape is used to optimize the limit of detection
(LOD) of powder strontium mixtures. In effect, most LIBS studies on the detection limit of
strontium reported in literature use pellets for sample preparation [72], [73], [74], [75]. In order
to avoid particles blown out and scattering, samples are mixed with a binder, such as polyvinyl
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alcohol (PVA), and pressed into pellets. Alternative techniques, such as double-sided tape have
been used and comparative studies with pellets reported [76], [77]. Sun et al. [77] reported no
statistical differences between samples applied to double-sided tape and pellets. Detection limits
of selected strontium ion transitions using double-sided tape on a glass slide is herein
investigated. The use of double-sided tape on a glass slide is motivated in cases where the
quantity of sample is too small to be pressed into pellets. Other advantages of using doublesided tape is the relatively short time for preparing the sample and avoiding possible impurities
or spectral interferences that might have come from the binder. For optimum results,
experimental conditions, such as laser energy and gate delay, are optimized for the best signal-tonoise ratio (SNR) and signal-to-background ratio (SBR).
In the LIBS studies of strontium powders cited above, a variety of atomic and ionic Sr
transitions have been utilized for LIBS analysis (see Table 3.1). In general, determination of
LIBS LODs has been performed with idealized, simple mixtures; “real world” samples tend to be
complicated mixtures and hence there is a high probability of spectral overlap with other
components of the mixture. The reliability of LIBS concentration determinations is significantly
increased when transitions used for LIBS analysis are not spectrally overlapped by another
transition of strontium or of any other chemical species. Therefore, the greater the number of
LIBS useable strontium transitions, the greater the ability to correctly analyze complicated
mixtures.
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Table 3.1

Comparison of Sr(I) and Sr(II) transitions and their LODS previously studied by
LIBS.

SPECIES

LINE (NM)

LOD (PPM)

MATRIX

REF.

SR (I)

460.73

19

SrCl2 and Al2 O3

[25]

SR (I)

548.08

239

SrCl2 and Al2 O3

[25]

SR (I)

707.10

13

Al (Close contact)

[26]

SR (I)

707.10

17

Al (Standoff)

[26]

SR (I)

707.10

75

Glass (Close contact)

[26]

SR (I)

707.10

125

Mortar (Close contact)

[26]

SR (II)

430.54

13

SrCl2 and Al2 O3

[25]

SR (II)

481.18

210

SrCl2 and Al2 O3

[25]

SR (II)

407.77

42

Soil

[19]

SR (II)

407.77

130

UO2 pellet

[21]

I participated in the collection of some of the LIBS spectra of a binary strontium powder
mixture on double-sided tape that Bader et al. [80] used for their study. I have utilized these
spectra and have analyzed different Sr transitions than they reported. The results presented in
this chapter are the results of my analysis of that data. My results expand the options of useable
Sr transitions for LIBS analysis.
3.3
3.3.1

Experimental setup and sample preparation
Instrumentation
The setup for the experiment is shown in Figure 3.1. A frequency-doubled, second

harmonic Q-switched Nd:YAG laser (Quantel CFR400 20-Hz, 7-ns pulse width, 6-mm diameter,
235 mJ maximum) was used as the excitation source. Laser light was focus onto sample surface
through a 30-cm focal length quartz lens and a right-angle prism. Spectra was collected with a
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broadband spectrometer (Andor Mechelle ME5000, 200–975 nm spectral range) through a 100µm diameter optical fiber equipped with a pickup lens (Ocean Optics Inc. (OOI) Part No.74UV). The latter was placed 5-cm away from the sample and 45o with respect to the beam axis.
Andor Solis software was used for acquisition setup. The spectrometer was connected to a
personal computer for data acquisition. The gate width was set to 5 µs and gate delay varied
from 0.5 µs to 7 µs while laser pulse energy ranged from 29.3 mJ to 97.6 mJ. Each recorded
spectrum is the accumulated result of 10 laser pulses. OriginPro2015, and Veusz 1.22 software
were used for data analysis.

Figure 3.1

Experimental setup.
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3.3.2

Sample preparation
Samples are prepared by mixing strontium chloride and aluminum oxide. Strontium

chloride is first ground in a porcelain laboratory mortar with a pestle. Aluminum oxide is then
added and thoroughly mixed to form a total mass of 5 grams. The values of weight percentages
used in this work will be correlated with the range of the internal standard as follows:
{Sr%=[(desired %)*5g)]} and {Al%=[(desired %)*5g)]}. The desired values were selected from
2% to 12% for every replicate. A small amount of the mixture is uniformly scattered on a piece
of double-sided tape that had been adhered onto a glass slide as shown in Figure 3.2. The latter
is then placed on a rotating platform to ensure that each laser pulse hits on a fresh spot.

Figure 3.2

Photograph images showing the double-sided tape that had been adhered on a glass
slide.
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3.4

Results and discussion
Sr (II) 346.44 nm and Sr (II) 407.77 nm, which are non-resonance and resonance lines,

respectively, are used for calibration. The detection limits of strontium ions obtained will be
compared to those reported in the literature on atomic Sr LIBS LODs to assess the efficiency of
the double-sided tape on glass slide for Sr (II).
3.4.1

Spectral line background and noise selection
Line intensity, background and noise are defined as illustrated in Figure 3.3. The peaks

value in region (A) are averaged as well as those in region (C). Their net average is then defined
as the background of wavelength corresponding to the peak in (B). The noise is defined in a
similar manner. The standard deviation of peaks in (A) are obtained likewise that of (C) and the
average of these two is the noise associated with the peak line in (C). The intensity here is
defined as the maximum peak intensity in (B) from which the background intensity is subtracted.
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Figure 3.3

Figure 3.3

Line profile of Sr(II) at λ=346.44 nm.

Peak intensity and associated background.

3.5

Optimization of experimental parameters
Figure 3.4 shows plots of SNR and SBR with respect to gate delay td for different laser

pulse energies. Because of the high electron density and temperature in the early stage of the
plasma, LIBS spectra are dominated by a high continuum that decays faster than do the spectral
lines. This continuum is attributed to Bremsstrahlung (free-free) and recombination (free-bound)
processes [55]. In order to retrieve qualitative and quantitative information from the plasma, the
recording of the spectra should be delayed a bit for the continuum to drop considerably and allow
for spectral lines of interest to predominate.
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Figure 3.4

Variation of SNR and SBR with increasing energy pulse.

SBR and SNR were evaluated in order to spectrally resolve the LIBS spectra within an
optimum delay window that allows peaks in the spectrum to be identified as an emission rather
than background noise. The turning point in the above graphs is used to define the best
experimental gate delay. Thus, the optimum gate delay defined as such in Figure 3.4, increases
with energy (1 µs for 29.3 mJ, 2 µs for 40.6 and 54 mJ); afterwards it remains almost constant.
For laser energies of 67.5 mJ and 82.8 mJ, the SBR presents very small variation causing a
slightly flat top between 2 and 4 µs. The flat top can be attributed to saturation of plasma
emission (plasma shielding). In effect for LIBS at higher laser intensity, the plasma temperature
becomes very high resulting in a transparent plasma for the laser beam, which starts emitting
Bremsstrahlung (background) emission due to its high temperature [81].
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3.6

Calibration curves and analytical figures of merit
Quantitative information in LIBS is most often obtained using calibration curves where

the element intensity is plotted as a function of concentration. Ideally, this should yield a linear
relationship. The line intensities I used in this work are background subtracted. In this chapter,
the figures of merit are defined in terms of limit of detection (LOD). The LOD I report herein is
defined according to IUPAC [82] as 3σB/s, where σB represents the standard deviation of the
background signal of the smallest analyte concentration used and s is the slope of the calibration
curve. Univariate calibration curves for Sr(II) 346.44 nm and Sr(II) 407.77 nm are shown in
Figure 3.5.

Figure 3.5

Calibration curves for Sr(II) 346.44 nm and Sr(II) 407.77 nm at 54 mJ.
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In Figure 3.5, we can observe the difference in the linear dynamic range of the considered
emission lines. The non-resonance line yields a broader linear dynamic range as compared to
resonance lines. This is due to the likelihood of resonance lines to be self-absorbed at higher
concentrations. This can be seen from the y-intercept of the calibration curve of Sr(II) 407.77
nm which deviates from the zero intercept. However, the Sr(II) 407.77 nm line shows a higher
slope (approximately seven times that of the Sr(II) 346.44 nm line), thus higher sensitivity within
a lower concentration range. For the non-resonance line, although the linear fit is closer to the
zero intercept, the lower slope reduces its sensitivity. Its broader linear dynamic range makes it
suitable for higher concentrations as reported in [55]. The figures of merit (sensitivity and LOD)
of our study are given in Table 3.2.
Table 3.2
Energy

Emission line data and calibration results.
Gate
delay

Sr(346.44nm)

Aij

Ei- Ej

(mJ)

(µs)

(108s-1)

(eV)

54

3

3.1

3.03 6.61

3.7

Sr(407.77nm)

R2

0.99

LOD

Aij

Ei- Ej

(ppm)

(108s-1)

(eV)

210.92

1.41

0.00 3.03

R2

LOD
(ppm)

0.98

30.93

Assessment of the technique
As mentioned in the introduction, the aim of this work is to expand the LIBS useable

transitions of powder mixtures on double sided tape as a simple and fast alternative technique for
detection of Sr by LIBS. This is handy in case of small quantity of sample to be pressed into
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pellets and minimize possible impurities from the binder which might cause spectral
interference. In order to assess the robustness of the double-sided tape on glass slide, my
obtained limits of detection are compared with the LODs of strontium reported in several studies
using different matrices. This is shown in Table 3.3.

Table 3.3

Comparison of the LOD of Sr(II) with reported literature.

LOD (ppm)

Matrix

Line (Sr)

42

soil

407.77[19]

3.1-75

soil

407.77[19]

130

UO2 pellet

407.77[21]

90

PuO2 pellet

407.77[21]

30-40

Soil

407.77[22]

13
347

Sr
SrCl

430.54[29]
[619-628][29]

210.92

this study

346.44

30.93

407.77

Besides the resonance line Sr(II) 407.77 nm, the non-resonance line Sr(II) 346.44 nm
was also used in the case of higher concentration. The lowest detection limit obtained with
Sr(II) 407.77 nm is similar to those of reported literature. From these results, with proper line
selection and optimization of laser parameters, double-sided tape on a glass slide technique can
achieve comparable results as pellets.
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3.8

Comparison of the LOD of Sr(II) with reported studies
In this study, atomic emissions of Sr (II) 346.44 nm and Sr (II) 407.77 nm, which are

non-resonance and resonance lines, respectively, were compared quantitatively and
qualitatively by using spectra obtained from a binary mixture. The analysis of atomic emission
(atomic–LIBS) for two Sr(II) lines (346.44 and 407.77 nm) were used to develop calibration
models. Bader et al. [80] showed that the plasma temperature and the product Nℓ (the number
density N and the absorption path length ℓ) were determined to evaluate the optical depths and
the self-absorption of Sr and Al lines using the Curve-of-Growth COG method to develop
calibration models for samples with high species concentrations. The study stated that, the
prediction of optical depth was based on the Kt, which is a coefficient depending on the
transition atomic parameter, the normalized Voigt profile, and the number density of the
emitting species in the plasma [80]. The Sr(I) 430.54 and 460.73 nm lines used by Bhatt et al.
[78] were stronger than the Sr(I) 481.18 and 548.08 nm lines, and then the values of the LODs
are smaller for the Sr(I) 430.54 and 460.73 nm lines than the Sr(I) 481.18 and 548.08 nm lines
[78]. As a comparison with my study, the lowest detection limit obtained with Sr (II) 407.77
nm is similar to those are presented in recent research. The values of LODs were found to be
different for different lines, and it is the smallest [13 ppm] for the 430.54 nm Sr(I) line for [78]
and the second smallest was 30.93 ppm for the Sr(II) 407.77 nm using double-sided tape
method as shown in Table 3.3.
3.9

Conclusions
Laser induced breakdown spectroscopy was used to quantitatively analyze strontium in

a binary powder mixture of SrCl2 and Al2O3 on a double-sided tape glass slide. Spectra were
temporally resolved by evaluating the signal-to-background and signal-to-noise ratios.
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Optimum gate delays increased with increase in laser energy showing a dependency of SBR
and SNR on laser energy. A threshold energy above which saturation may occur was observed
after 54 mJ both in the optimization of gate delay and the LOD. The robustness of ionic
transitions from powder mixtures on double-sided tape was assessed by comparing the LOD of
my study to reported literature on powder strontium. Quantitatively, an optimum LOD of
30.93 ppm at laser pulse energy of 54 mJ within the range of reported studies. From these
results, optimizing experimental parameters, such as laser energy, gate delay and proper lines
selection, double-sided tape can well be used in laser induced breakdown spectroscopy with
results comparable with those of pellets. This might help overcome the challenge of having
just enough sample to be pressed into to pellets.
In general, the analysis by the LIBS technique using double-sided tape is applicable to
samples in powder form. Better results have been obtained in the powder samples than using
this method. The analysis of samples in powder requires a minimum preparation of the
samples, is fast and has given good results.
Acknowledgement: The authors are grateful to the Department of Physics and
Astronomy-Mississippi State University and the Institute of Clean Energy Technology (ICET) Mississippi State University.
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CHAPTER IV
QUANTITATIVE ANALYSIS OF USED ENGINE OILS USING LASER-INDUCED
BREAKDOWN SPECTROSCOPY (LIBS)
4.1

Abstract
Taking into consideration the fact that used oils are considered hazardous and extremely

toxic, their subsequent use creates a real threat to the environment. The only effective measure
for protecting the natural environment from used oil contamination is collection and controlled
utilization. Laser-induced breakdown spectroscopy (LIBS) provides an alternative technique for
direct and rapid determination of metals in engine oils. Engine oil analyses can help maintain
engine health and prevent engine failure before it occurs. Used engine oils should be managed in
compliance with legal provisions; if not, they can pose a serious threat to the environment. The
aim of this study was to determine the metal concentrations in used engine oil samples using the
LIBS technique. Atomic emissions from Al, Cr, Fe, Mg, and Mn lines were used to build
calibration models. Partial least squares regression (PLS-R) was used to determine the Al, Cr,
Fe, Mg, and Mn concentrations in used engine oils. I also determined the limits of detection
(LODs) for the Al, Cr, Fe, Mg, and Mn lines. The LODs for the Al(I) 394.4 nm, Cr(II) 427.48
nm, Fe(I) 438.35 nm, Mg(I) 285.21 nm, and Mn(II) 259.37 nm lines were 0.75, 1, 0.8, 0.43, and
0.74 ppm, respectively. I predicted engine problems by analyzing used engine oil with high
metal concentrations. The C2 molecular band emissions were used to determine the degree of
engine oil degradation. Several contaminants have been measured in a set of used engine oils
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and the results compared to analysis via inductively coupled plasma—atomic emission
spectroscopy (ICP-AES) from a previous study where a good correlation is obtained.
Keywords: laser-induced breakdown spectroscopy, LIBS, C2 molecular bands, engine oil,
transmission oil, analysis of metals.
4.2

Introduction
In recent years, the problem of the contamination of the environment and water with

petroleum products has been increasing. Used engine oils are particularly dangerous for the
environment due to their contamination with products of thermal decomposition and mechanical
impurities. What renders so wide the range of applications of LIBS is preliminarily its unique
and attractive features. Like other techniques of atomic emission spectrometry (AES), LIBS
presents some advantages compared with some non-AES-based techniques of elemental analysis;
for instance, the ability to detect all elements and the capability of simultaneous multi-elemental
detection. In addition, LIBS has many specific advantages compared with conventional AESbased techniques, thanks to the use of the laser radiation-induced spark rather than a physical
device such as a pair of electrodes, to create the plasma [83].
Any kind of substance in the liquid state, such as oils, can be analyzed with simple or
even without sample preparation. The analysis of used engine oil for concentration trends of
wear metals and for formulation or depletion of additive package metal has been around for
many years. Moreover, analysis of heavy metals in engine oil has been introduced to detect the
failure of the engine component in early stage prior to major damage. Wear metals, such as iron
(Fe), chromium (Cr), aluminum (Al), lead (Pb) and cadmium (Cd), may indicate wear in engine
or any oil-wetted compartment [84].
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The chemical composition of used oil depends on the type of the base oil, the applied
refining additives, physicochemical conversion that the oil underwent during operation, as well
as from any possible impurities occurring during the collection and storage of the used oils [85].
Metals occurring in used oils originate from various sources. For the main part, these are the
products of corrosion and wear of mating metal surfaces and functional additives [86]. Engine
oil analysis using spectroscopy technique offers information related to the extent of the
contamination and associated oil degradation status, so that changes in oil occur according to
condition, not time. However, what is the reason for contamination of engine oil. It is estimated
that the current level of used oils management equals approx. 60% (over 50% of which is
directed for re-refining, about 20% for recycling, and the rest for warehousing); the remaining
40% of used oils remains outside the collection system [87].
The disposal procedure concerning the changed oils varies. In the case of passenger cars,
the change of oil usually takes place at service facilities where used oil is collected by companies
servicing the cars. Ever more frequently the charge for the engine oil and oil filter replacement
is included in the product price, which encourages users to change oil at such service points [88].
An oil analysis method was developed by the American Armed Forces, and commercial
oil analyses began in the 1960s [89]. Used engine oil analyses can help determine metal contents
in engine oil [83], [90] and the degree of engine oil degradation from the combustion process
[91]. The metals in used engine oil are harmful to engine parts. Engine oil analyses are mainly
conducted to prevent engine failure before it occurs [83], [90], [92], reduce the cost associated
with changing engine oil, and predict engine failure based on the metals in the used engine oil
[92]. Some heavy metals in engine oil can cause pollution, while others can lead to engine
failure. Table 4.1 presents the standard and specification of recovered waste oil. Nowadays,
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Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES) instruments are widely
used in oil analysis and offer the possibility to simultaneously measure all the element of interest
and some non-metals compared to flame atomic absorption spectrometer (FAAS) [88].

Table 4.1

Standard and specification of recovered waste oil [88].
Parameters

Allowable level

Arsenic (As)

5 ppm maximum

Cadmium (Cd)

2 ppm maximum

Chromium (Cr)

10 ppm maximum

Lead (Pb)

100 ppm maximum

The metals in used engine oil come from different parts of the engine. Greater metal
concentrations in engine oil may result from part failure. For example, iron (Fe) is the most
found metal in used engine oils and is found in shafts, cams, oil pumps, and valves. The high Fe
concentration in used engine oil may result from these parts. As a result, the trace Fe content in
used engine oil can be used to predict part failure before it occurs. In addition, copper (Cu) is
found in used engine oil and is used in coolant exchangers, valve train bushings, and engine
bearings. Aluminium (Al) is also found in used engine oil and has an excellent corrosion
resistance. Al is used to construct engine blocks, oil pump bushings, and blowers. Chromium
(Cr) is usually found in used engine oil and indicates the failure of stainless and plated rings [89].
The metal concentration limits for Fe, Cr, and Al are 300, 40, and 40 ppm, respectively, in
gasoline engine oil and 300, 10, and 50 ppm, respectively, in transmission oil [93]. Water is also
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commonly found in engine oil and can be very harmful to engine parts. The water concentration
in engine oil should be less than 100 ppm [89].
Many conventional methods have been used to analyze used engine oil. Atomic
absorption spectrometry (AAS) [94], [95], [96], inductively coupled plasma-optical emission
spectrometry (ICP-OES) [97], [98], [99], inductively coupled plasma-mass spectrometry (ICPMS) [100], [101], [102], X-ray fluorescence spectrometry (XRF) [103], [104], [105], and laserinduced breakdown spectroscopy (LIBS) [90], [91], [92], [106], have all been used. Some of
these methods are expensive or require an expert for the analysis (ICP-OES). The AAS technique
can obtain the concentration of only one element at a time; thus, determining the concentrations
of many elements using AAS is time consuming. The XRF technique has an extremely limited
sensitivity for determining element concentrations [107]. Some companies analyse more than
2000 oil samples each day using ICP-OES in their laboratories. However, buffer gases and
cooling water are required for this technique [108]. The high viscosity, high organic content, and
varying metal particle sizes in used oil make the analysis of engine oil challenging [89], [90],
[96], [106]. The levels of metals in used transmission oil tend to be higher than those in used
engine oil [93]. The LIBS technique is useful for differentiation purposes, giving information on
whether the metal concentration could be an appropriate feature for discriminating various oil
samples.
LIBS has been successfully used to determine the concentrations of metals in used engine
oils. This technique is non-invasive, fast, sensitive, safe, relatively inexpensive and efficient and
requires little or no sample preparation compared with other analytical methods. In addition,
LIBS can determine multiple elements at once, including Al, Cu, Ca, Fe, Mg, Mn, Pb, and Cr
[90], [92], [106], and band emissions (e.g., the spectra of CN and C2 bands in organic and
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biological samples) can be determined [91]. Standard samples or reference samples are used to
calibrate the metal concentrations in used engine oils in LIBS [106], [109]. LIBS has also been
used to analyze different types of engine oils at various mileage intervals to determine the degree
of used engine oil consumption [91], [109]. In addition, the ICP results from Yaroshchyk et al.
[92] were compared with the LIBS results for an oil analysis, and the LIBS and ICP results were
in good agreement. Gondal et al. [83] also determined that the ICP results closely agreed with
the LIBS results in crude oil samples.
Engine oil consumption has been successfully determined using LIBS. The CN and C2
molecular band emissions were used to determine the degree of engine oil degradation. For
example, the peak intensities of the molecular CN and C2 emissions at 419.7 and 516.5 nm were
studied to determine the engine oil consumption at different mileages by Elnasharty et al. [91]
These authors found that an increase in mileage resulted in a decrease in the peak intensities of
the molecular CN and C2 emissions, and the peak intensity ratio of CN/C2 increased with the
increasing mileage intervals. The concentrations of twenty-four elements were determined in
engine oils using ICP-OES at different operation kilometers. The Fe and Mn concentrations had
the largest concentration changes among the studied elements. The Fe and Mn concentrations
increased to 11.8 and 15.5 ppm, respectively, after 11500 km intervals. The analysis was carried
out in three repetitions for each sample. The results obtained were subject to statistical analysis.
In previous studies, LODs have been determined for several metals in oils. For instance,
Xiu et al. obtained 106 calibration curves for the Mg II 279.55 nm, Cu I 324.75 nm, Ag I 328.06
nm, Ti II 334.9 nm, Si I 288.15 nm, Fe II 259.93 nm, Cr I 360.53 nm, Ni I 352.45 nm, and Sn I
283.99 nm lines in oil samples at different concentrations [90]. LODs were also obtained using
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an Echelle spectrometer and a Czerny–Turner spectrometer, and the LODs for the selected lines
were better for the Czerny–Turner spectrometer than for the Echelle spectrometer [90].
4.2.2

Quantitative analysis with LIBS
In this section, I will focus on the quantitative aspects of LIBS analysis to describe the

basic concepts of calibration, calibration curve, and figures-of-merit parameters in quantitative
analysis. Matrix effects as well as normalization approaches will also be discussed in this
section, which are of critical importance in LIBS analysis.
4.2.3

Calibration and calibration curve
In most cases in atomic spectrometry, a calibration procedure is required for providing

analyte concentrations in unknown samples. Calibration implies two steps [110]. The first step
consists of measuring signal intensities using samples with known concentrations (references) in
order to construct a calibration curve. In a second step, the concentration is deduced from the
calibration curve using the measurement of the signal intensity from an unknown sample. A socalled “counter or inverse calibration” is therefore performed. When more than two references
are used, it is necessary to carry out a regression, which may be of the linear or quadratic
(curvilinear) type. Regressions are mostly based on the least-squares method (LSM), which
minimizes the sum of the squares of the differences between the experimental data and the
computed values. Regression is based on statistics, which implies some consequences because
of the LSM selected model [110]. The best calibration curve is that which would provide the
closest computed value compared to the experimental one, within an expected concentration
range. The rules and guidelines for optimizations of the calibration strategy can be found in a
variety of publications [111] and [112].
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The regression model establishes the relationship between the intensities in a LIBS
spectrum (predictors) noted (X) and the concentration values (Y) of the analyte. The simplest
case of regression model is univariate, which means that only one predictor per sample is
exploited instead of a X-matrix and only the concentration values of one single analyte are
predicted and referenced as, in this case, both x and y are vectors of dimension N, N being the
number of samples exploited for calibration.
The corresponding graphical display is the so-called calibration curve, which consists in
plotting the measured signals against the analyte's concentrations. In LIBS measurements, the
signals correspond usually to the intensity or the peak area of the most relevant lines, which are
exempt of spectral interferences and self-absorption effects and with good signal-to-noise ratios.
4.2.4

Matrix effects in laser sampling-based spectrometry
Matrix effects are of critical importance in several analytical spectroscopy techniques,

and LIBS is not an exception. A significantly different signal response can be observed at a
given spectroscopic transition of an element present at the same concentration level in two
different samples. Such different responses can be attributed to differences in the laser-sample
interaction, resulting from changes in the ablation mechanism and efficiency, or it can be due to a
variation in the physical plasma parameters, namely to changes in the electron temperature and
number density, or a combination of both. In other words, like in other methods, the analytical
response can be influenced by physical, chemical, spectral, and instrumental causes [113]. The
term “matrix effect” is then described as the matrix dependence of analytical signal when
analyzing samples of different matrices.
The matrix effect of the metals in oil was studied using LIBS. For instance, Zheng et al.
obtained calibration curves for the Fe, Cr, and Ni lines at different concentrations in five different
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oils (four virgin engine oils and cooking oil) [106]. No matrix effects were found for the Fe, Cr,
and Ni lines in the oils with a high correlation coefficient. The slopes of the calibration curves
for the Fe, Cr, and Ni lines were similar in the five different oils. The intercepts of the
calibration curves for the Fe, Cr, and Ni lines were also similar in the oil samples. However, the
intensities of the Co, Fe, V, Ni, Pb, P, Mo, Ca, Si, Ti, Mn, Cd, and Cu selected lines were studied
in different crude oil samples by Gondal et al. using LIBS [83]. The lines were intense, and no
interference effects or self-absorption were observed. To minimize the matrix effect,
multivariate data analyses (MVA) methods were used. For instance, partial least squares
regression (PLS-R) is an important MVA method used to develop calibration models. The
relationship between the metal line intensities in engine oils and the concentration was
determined in this study while minimizing the matrix effect and metal line interferences.
In this study, I determined the Al, Cr, Fe, Mg, and Mn concentrations in used engine oil
using LIBS. A PLS-R model was successfully built for each metal with a high linear correlation
coefficient (above 0.99). Calibration models were developed, and the matrix effect problems of
some lines were overcome. In addition, I determined the metal concentrations in used engine oil
samples. I attempted to predict the failing engine parts based on the metal concentration when
the concentration reached the limit for engine oil. The study compared the LODs for some of the
lines in this study with the LODs from other studies. The engine oil degradation has been
investigated using the C2 molecular band emissions from the LIBS spectra. The results obtained
were subject to statistical analysis accordingly.
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4.3
4.3.1

Experimental details
Experimental setup
In this part, I will briefly summarize the experimental setup which was already explained

in Chapter 3. A frequency-doubled Q-switched Nd:YAG laser (Quantel CFR400, 20-Hz, 7-ns
FWHM, 6-mm diameter, and 235 mJ maximum energy per pulse) was used. The laser was
focused through a 30-cm focal length quartz lens and reflected onto the samples using a rightangle prism. Samples were placed on a rotating platform. The emission spectra were collected
through a 100-µm diameter optical fiber using a pickup lens (Ocean Optics Inc., Part No. 74UV) located 7 cm from the sample and aligned at 45° to the normal laser beam with respect to
the carry plasma emission. The optical fiber was coupled to a spectrograph (Mechelle ME5000,
Andor Technology, spectral resolution of ~5000) with a spectral range of 200–975 nm. A 1024 x
1024 intensified charge-coupled device (ICCD) detector was used for the data acquisition.
A synchronization controller system was built to control the gate delay time and gate width time
via an external trigger. A pulse from the laser Q-switch was used to synchronize the data
acquisition. The spectra were recorded and processed using Andor iStar software (version 4.29).
A fixed rotation speed of 4°/s was used for all the measurements and the results were recorded.
All the samples were placed on a rotating platform to ensure that each laser shot hit a fresh spot
on the sample.
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Figure 4.1

The experimental setup used for LIBS.

Note. BD = beam dump; DM = dichroic mirror; and PC = personal computer.
4.3.2

Sample preparation
Solutions of 1000 ppm of Al2O3, Cr2O3, Fe2O3, MgO, and MnCl2 in new engine oil were

prepared. Aliquots of new engine oil (400 mL) were placed in four separate glass jars. Each
metal in powder form (0.400 g of metal) in 400 mL of engine oil. Each one mL of engine oil
prepared (2nd column of Table 4.2) consists of one mg of metal compound (4th column of Table
4.2) using electronic balance, was placed separately in 400 mL of new engine oil. The four glass
jars were placed in an ultrasonic cleaner (Cole-Parmer, Model 8846-46). Then, water was added
to the ultrasonic bath outside the jar. The ultrasonic cleaner was used to mix the metals with the
engine oil using vibration and heating to 140 °F (60 °C). The metals were homogeneously
distributed in the new engine oil for 45-60 min. This method was safe and efficiently mixed the
metals with the engine oil. Twenty-five samples were prepared as reference samples. Four
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concentrations of metals (Al2O3, Cr2O3, Fe2O3, MgO, and MnCl2) were created by adding new
engine oil to the previously prepared stock solutions containing 1000 ppm of the metals in
engine oil. The total volume of each sample was 30 mL, and each sample was placed in a glass
jar (Hexagon Galas jar, 40 mL), as shown in Table 4.2.

Table 4.2

Metal concentrations in the used engine oil samples.

* The prepared engine oil has 0.400 g of metal in 400 mL of engine oil (~1000 ppm metal
concentration).
From Table 4.2, the Al, Cr, Fe, Mg, and Mn concentrations were determined based on the
mass percent of the metals and the metal concentrations. The mass percentages of Al, Cr, Fe, Mg,
and Mn (based on the molar mass) were 52.93% Al2O3, 68.42% Cr2O3, 69.94% Fe2O3, 60.31%
MgO, and 43.66% MnCl2.
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Column 6 shows the concentration of each metal compound. Columns 7 through 11 are
metal concentrations in engine oil. The Al, Cr, Fe, Mg, and Mn concentrations were determined
based on the mass percent of the metals and the metal concentrations as shown in Figure 4.2

Figure 4.2

Schematic diagram explaining calculation of the percent of the metal
concentration.
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The LIBS experiment was set-up and the sample plate was firmly attached to investigate
the elemental composition of the engine oil samples shown in Figure 4.3.

Figure 4.3

Photo image of used engine oil and transmission oil samples.

Samples were kept at laboratory temperature (70 °F) (a) and after 45-60 minutes in ultrasonic
(140 °F) (b).
Six used oil samples were used in this study to determine the metal concentrations in this
work. as shown in Figure 4.3. Five used engine oil samples and one used transmission oil sample
were collected from a local auto care center. These samples were from different gasoline engines,
as listed in Table 4.3. The UEO (5) sample comprised engine oil that contained water. The UEO
(1) sample was collected from an engine after it had been run for 448 miles.
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Table 4.3

Used engine oil, used transmission engine oil, and new engine oil samples.

The oil samples (i.e., reference samples, used engine oils, and used transmission oils)
were placed in the ultrasonic cleaner for 45-60 min at 140 °F to homogenously distribute the
metals in the samples before the LIBS spectral data were acquired. Then, using a dropper
(Pipettes Eye Dropper, 3 mL), I placed approximately 0.5 mL of each oil sample on 3 x 7 cm
ashless filter paper with a 2.5-μm pore size. The droplets were left on the ashless filter paper for
15-30 min to become homogenously distributed and dry. The droplets were placed at different
locations on the filter paper to ensure that the oil absorbed on the filter [83], [91], [92]. The
filters were then placed on separate glass slides (Fisher finest, microscope 1" x 3") that were used
to carry the filters. The oil samples on the filters are shown in Figure 4.4.
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Figure 4.4

Photograph of the engine oil samples on the filters used.

Figure 4.4 shows the first five samples were prepared as UEO (5)–UEO (1) from the used
engine oil samples. The first sample, UEO (5), contained used engine oil and water. The sixth
sample, UTO (1), is the used transmission oil sample, and the seventh sample is the new engine
oil sample, designated NEO (1). The color changes in the oil samples are caused by metals in
the engine or transmission oils because of use.
The selected spectra were averages of ten accumulations, and each accumulation was an
average of five laser shots. A total of fifty laser shots were used for each spectrum under the
same conditions, such as gate delay time, gate width time, and laser energy, to obtain a better
signal- to-noise ratio (SNR). The optimum gate time delay was 1 μs with a 5 μs gate width
delay, and the laser pulse energy was 41 mJ based on the best SNR for most of the emission lines
from Al, Fe, Cr, Mg, and Mn.
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4.4

Data analysis
The multivariate data analysis method and LIBS spectra of used engine oil were used to

determine the metal concentrations. A partial least squares regression (PLS-R) was used to
develop the calibration models. To minimize the matrix effect and the interferences of the
element lines, the relationship between the peak intensity of the metals in the new engine oil
samples and the metal concentrations was analyzed. Al, Cr, Fe, Mg, and Mn reference samples
were used to build the calibration models and determine the metal concentrations. Unscrambler
10 software (CAMO), was used for the PLS-R and determined the regression. The PLS-R model
can address multiple calibration curves for the same metal at once to accurately determine the
metal concentrations in used oil samples.
4.5
4.5.1

Results and discussion
Calibration curves of metals in engine oils
For the data processing of this study, the oil samples were used to detect the heavy metal

concentrations with the multivariate data analysis method. The calibration curves were obtained
from an average of fifty LIBS spectra. The standard deviation of the calibration curves was
obtained from the ten LIBS spectra recorded. The following lines were used for the calibration
curves for the metals (Al, Cr, Fe, Mg, Mn) in engine oil: Al(I) 394.4 nm and Al(I) 396.15 nm;
Cr(I) 360.53 nm, Cr(I) 427.48 nm, and Cr (II) 284.32 nm; Fe(I) 404.58 nm, Fe(I) 430.79 nm,
Fe(I) 438.35 nm, and Fe(I) 440.48 nm; Mg(I) 285.21 nm, Mg(II) 279.55 nm, and Mg(II) 280.27
nm; Mn(II) 259.37 nm and Mn(II) 294.92 nm. These lines are strong and resonance lines, and
the use of resonance lines negates self-absorption effects.
The Al concentration range was from 52.93 to 529.25 ppm. An increase in the Al metal
concentration linearly increased the intensity of both the Al(I) 394.4 nm and Al(I) 396.15 nm
70

lines, with a good linear correlation coefficient (R2 = 0.993), as shown in Figure 4.5. Similarly,
an increase in the Cr metal concentration linearly increased the intensity of the Cr (II) 284.32
nm, Cr(I) 360.53 nm, and Cr(I) 427.48 nm lines, with good linear correlation coefficients (R2)
ranging from 0.986 to 0.995, as shown in Figure 5.5. The Cr concentration range was 68.42684.20 ppm. An increase in the Fe metal concentration linearly increased the intensity of the
Fe(I) 302.06 nm, Fe(I) 404.58 nm, Fe(I) 430.79 nm, Fe(I) 438.35 nm, and Fe(I) 440.48 nm lines
with good linear correlation coefficients (R2) ranging from 0.989 to 0.996, as shown in Figure
4.7. The Fe concentration range was 69.94-699.43 ppm. Similar behaviors were observed for the
Al, Cr, and Fe calibration curves. The Mg concentration range was 60.31- 603.10 ppm, and an
increase in the Mg metal concentration linearly increased the intensity of the Mg (II) 279.55 nm,
Mg (II) 280.27 nm, and Mg(I) 285.21 nm lines with good linear correlation coefficients (R2)
(0.992-0.996), as shown in Figure 4.8. Similarly, the Mn concentration range was 43.66-436.57
ppm, and an increase in the Mn metal concentration linearly increased the intensity of the Mn
(II) 259.37 nm and Mn (II) 294.92 nm lines with a good linear correlation coefficient (R2 =
0.997), as shown in Figure 4.9. A matrix effect was not observed for any of the emission lines
used, as shown in Figures 4.5 to 4.9. In addition, no self-absorption was observed because of the
symmetrical shape of the selected spectral lines.
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Figure 4.5

Line-shape and calibration curves for the Al(I) 394.4 nm line (a) and the Al(I)
396.15 nm line (b) at different Al concentrations in new engine oil–NEO (1).
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(a)

Figure 4.6

Line-shape and calibration curves for Cr(II) 284.32 nm line Cr(I) 427.48 nm line

Figure 4.7

Line-shape and calibration curves for Cr(II) 284.32 nm line Cr(I) 360.53 nm line
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Figure 4.8

Line-shape and calibration curves for Cr(II) 284.32 nm line at different Cr
concentrations in new engine oil–NEO (1).

Figure 4.9

Line-shape and calibration curves for Fe(I) 404.58 nm line Fe(I) 430.79 nm line
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Figure 4.10

Line-shape and calibration curves for Fe(I) 404.58 nm line Fe(I) 438.35 nm line

Figure 4.11

Line-shape and calibration curves for Fe(I) 404.58 nm line Fe(I) 440.48 nm line
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Figure 4.12

Line-shape and calibration curves for Fe(I) 404.58 nm line at different Fe
concentrations in new engine oil–NEO (1).

Figure 4.13

Line-shape and calibration curves for Mg(II) 279.55 nm line Mg(II) 280.27 nm
line
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Figure 4.14

Line-shape and calibration curves for Mg(II) 279.55 nm line Mg(I) 285.21 nm line

Figure 4.15

Line-shape and calibration curves for Mg(II) 279.55 nm line at different Mg
concentrations in new engine oil–NEO (1).
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Figure 4.16

Line-shape and calibration curves for Mn(II) 259.37 nm line and Mn(II) 294.92
nm line

Figure 4.17

Line-shape and calibration curves for Mn(II) 259.37 nm line at different Mn
concentrations in new engine oil–NEO (1).
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The same emission lines that were used in the calibration curves have been considered to
determine the LODs for Al, Cr, Fe, Mg, and Mn. The LOD values were obtained from the LOD
equation as shown in Equation 4.1.
LOD = 3σB/ slope

(4.1)

where σB is the standard deviation of the background intensity of the metals at a low
concentration, and the slope values of the calibration curves, as shown in Figures 4.5 to 4.9. The
LODs for the Al, Cr, Fe, Mg, and Mn lines were 0.75-0.89, 2.93-1.00, 0.80-2.32, 0.43-0.70 and
0.74-3.34 ppm, respectively, as illustrated in Table 4.4. Limits of detection (LOD) of our LIBS
system were also estimated for these elements. The system was applied for trace metals
detection in transmission and used engine oil samples which is not trivial to detect with
conventional techniques.

Table 4.4
Metals
Al
Al
Cr
Cr
Cr
Fe
Fe
Fe
Fe
Mg
Mg
Mg
Mn
Mn

Comparison of the LODs (ppm) in this study with other studies.
Wavelength
(nm)
394.40
396.15
360.53
427.48
284.32
404.58
430.79
438.35
440.48
285.21
279.55
280.27
259.37
294.92

LODs in this
study
0.75
0.89
2.93
1
1.02
1.66
2.32
0.8
1.47
0.43
0.52
0.7
0.74
3.34
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LODs in previous studies
10 [32] and 20 [33]
10.59 [8]
1.5 [24]

1 [32], 1.9 [34], 3 [35]
1.8 [10] and 0.29 [8]

The results presented here show a similarity between the LOD of the Al(I) 394.40 nm line
the Al(I) 396.15 nm line. Moreover, the LODs of the Cr(I) 284.32 nm and Cr(II) 427.48 nm
lines were better than the LOD of the Cr(II) 360.53 nm line. The lowest LOD of Fe was 0.80
ppm for the Fe(I) 438.35 nm line, while the LOD of the Mg(I) 285.21 nm line was lower than the
LODs of the Mg (II) 279.55 nm and Mg (II) 280.27 nm lines.
This study confirmed that LOD of the Mg(I) 285.21 nm line was better than the LOD of
the same line determined by Fichet et al. [112], Archontaki et al. [114], and Ng et al. [115],
whereas Xiu et al. [90] obtained a better LOD for the Mg (II) 279.55 nm line (0.29 ppm). It has
been observed that, the LOD for the Al(I) 396.15 nm line was more sensitive than the LOD
determined in some past studies, such as Fichet et al. [112], who used LIBS to detect the
elemental materials in water and oil.
4.5.2

Determination of the metal concentrations in used oil samples
The PLS-R method was built to determine the metal concentrations in used engine oil

samples with a total of fifteen variables for the Al, Fe, Cr, Mg, and Mn emission lines. The
variables were the peak intensities of the Mg(II) 279.55 nm, Mg(II) 280.27 nm, Mg(I) 285.21
nm, Al(I) 394.4 nm, Al(I) 396.15 nm, Cr(I) 427.48 nm, Cr(II) 284.32 nm, Cr(I) 360.53 nm, Fe(I)
302.06 nm, Fe(I) 404.58 nm, Fe(I) 430.79 nm, Fe(I) 438.35 nm, Fe(I) 440.48 nm, Mn(II) 259.37
nm, and Mn(II) 294.92 nm lines. The 50 calibration samples from the reference samples were
used to build the PLS-R model for each metal, which were prepared as mentioned in the sample
preparation section. The 50 calibration samples were 10 samples of the metals at concentrations
of 1000 ppm, 633.33 ppm, 366.67 ppm, 233.33 ppm, and 100 ppm in new engine oil (Table 4.2).
Each sample had an average of five laser shots.
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Figure 4.18

PLS-R model for the peak intensity of Al metal in Cr metal lines

Figure 4.19

PLS-R model for the peak intensity of Al metal in Fe metal lines
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Figure 4.20

PLS-R model for the peak intensity of Al metal in Mg metal lines

Figure 4.21

PLS-R model for the peak intensity of Al metal in Mn metal lines
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Figure 4.22

PLS-R model for the peak intensity of Al metal against the different concentration
metals in new engine oil [NEO (1)] using reference samples.

The PLS-R models in Figure 4.10(a-e) were used to predict the regressions for the metal
concentrations in the used oil samples. The Al, Fe, Cr, Mg, and Mn concentrations in the used
oil samples were determined. The peak intensities of the selected lines were used with the PLSR models to determine the metal concentrations in the used engine oils, as shown in Figure 4.10.
The averages of the fifty LIBS spectra of the used engine oils were used for the PLS-R model
predictions.
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Table 4.5

Illustration of the concentrations of the elements Al, Fe, Cr, Mg, and Mn in used
oil samples utilizing the PLS-R models.

The UEO (1) sample had the lowest metal concentrations compared with the other used
engine oil samples, and the UEO (1) was similar to new engine oil (or newly used engine oil).
The UEO (4) sample had the second lowest metal concentrations, except for Mg. The Mg metal
concentration in UEO (2) was lower than that in UEO (4). The UEO (5) sample had higher Fe
and Al concentrations than that of the other engine oils. The Fe metal concentration in the UEO
(5) sample was 391.9 ± 9.6 ppm, which was higher than the Fe concentration limit in gasoline
engine oil (~300 ppm) [88]. This result and analysis of UEO (5) indicated a possible engine
problem. Fe metal could come from shafts, cams, oil pumps, and valve parts. In addition, the Fe
concentration in UTO (1) was also high (282.28 ± 9.47 ppm) and close to the Fe limit in
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transmission oil (~300 ppm) [88]. The Fe concentration in the UEO (2) sample (157.26 ± 10.64
ppm) was slightly high and may be an early sign of part failure in the engine. In addition, the Al
metal concentrations in UEO (5) and UTO (1) were approximately 40 ppm, which reached the Al
metal 126 ppm concentration limits for both gasoline engine oil and transmission oil (~40 ppm).
Al is used in the construction of engine blocks, oil pump bushings, and blowers. These results
indicate that the used engine oil analysis can prevent engine failure before it occurs or predict
part failure in the engine after it occurs. The Cr has not been detected in the analysis of used
engine oil, this may be attributed to the fact that due to the used engine oil combustion only Al,
Fe, Mg and Mn being recycle and have been detected while Cr was dumped to sewerages after
burning the fuel.
4.5.3

Engine oil degradation
All kinds of oil, when subjected to high temperatures undergo degradation, which

changes both the physical and chemical properties of the material. Physical property changes
can include increases or decreases in viscosity, changes in boiling point or freezing point among
others. Chemical properties that can change include corrosion of metals, oxidation and
formation of polymers. In this part of my dissertation, the quantitative elemental analysis of
transmission and used engine oils has been performed using LIBS. The C2 molecular band
emissions from the LIBS spectra were used to determine the engine oil degradation degree. A
decrease in the peak intensity of the molecular carbon band, the C2 (0,0) band at 516.5 nm,
indicates increased engine oil consumption [91]. In Figure 4.11(a), it can be seen that the spectra
of UEO (1), UEO (3), and UEO (4) did not significantly differ from that of NEO (1).
This result may indicate that UEO (1), UEO (3), and UEO (4) had low engine oil
degradation. These results also supported the findings that these used engine oil samples had
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lower Fe and Al concentrations, as listed in Table 4.5. However, the spectra of UEO (2) and
UEO (5) differed from that of the NEO (1), as shown in Figure 4.11 (b), and those samples had
higher Fe and Al concentrations, especially the UEO (5) sample, which had Fe and Al
concentrations above the limits for those metals in engine oil. The LIBS spectra of the C2
molecular band emissions were related to the engine oil degradation. Overall, the outcome of
this study highlighted that engine oil degradation being important to engine health and there are
significant implications to human health beside its impact on the environment.

Figure 4.23

The comparison of the LIBS spectra of the molecular carbon C2 bands for
different engine oil samples.

Figure 4.11 shows that the engine oil degradation degree can be determined by using the
C2 molecular band emissions from the LIBS spectra. A decrease in the peak intensity of the
molecular carbon band, the C2 (0,0) band at 516.5 nm, indicates increased engine oil
consumption [83]. In Figure 4.11 (a), demonstrates that the spectra of the UEO (1), UEO (3),
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and UEO (4) did not significantly differ from that of the NEO (1). This result may indicate that
UEO (1), UEO (3), and UEO (4) had low engine oil consumption, and this leads to saving on
fuel use.
4.6

Conclusions
In this chapter, I determined the presence of elements found in used and pure engine oil

using LIBS. Samples treatment using ultrasound is a fast and effective method to prepare the
samples and to obtain high quality spectra, which is easy to explain. I successfully implemented
MVA to determine the metal concentrations in used engine oil samples have been selected for
this study. The Al(I) 394.4 nm, Al(I) 396.15 nm, Cr(II) 284.32 nm, Cr(I) 360.53 nm, Cr(I) 427.48
nm, Fe(I) 404.58 nm, Fe(I) 430.79 nm, Fe(I) 438.35 nm, Fe(I) 440.48 nm, Mg(II) 279.55, Mg(II)
280.27 nm, Mg(I) 285.21 nm, Mn(II) 259.37 nm and Mn(II) 294.92 nm lines were used to
develop the Al, Cr, Fe, Mg, and Mn calibration curves in engine oil.
The results were obtained from the elemental analysis made using LIBS and the spectra
were taken from used and pure engine oil within different regions of the spectra based on their
wavelength. I identified spectral lines corresponding to elements that are Al, Cr, Fe, Mg and Mn.
The PLS-R models were used to determine the metal concentrations in used engine oils. The
analysis of used engine oils can save money by preventing users from changing the engine oil too
early and by preventing engine failure due to changing the oil too late. I found good relationships
among the C2 molecular band emissions, increasing metal concentrations and engine oil
degradation. The LIBS technique allows to perform qualitative compositional analysis of engine
oil to identify mineral elements that could be associated in maintaining the quality of engine oil.
The implementing of LIBS proves the potential of this technique to perform trustful qualitative
identification and rapid estimation of the engine oil condition.
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CHAPTER V
SUMMARY AND SUGGESTIONS FOR FUTURE WORK

Laser-induced breakdown spectroscopy (LIBS) was applied as the analytical technique
owing to its capability to investigate most elements rapidly with good selectivity. LIBS is a type
of atomic emission spectroscopy which involves focusing a high intensity laser pulse on the
gross feature of the sample material. Practically, the front edge of the pulse evaporates and
ionizes a tiny quantity of the powder and oil samples. Herein, optical power is converted to the
kinetic energy of emerged electrons which leads to a fast growth of free electron density at the
laser focal point and further absorption of the pulse trailing edge. After the laser pulse, electrons
and ions recombine and the characteristic spectra of sample material atoms are observed due to
radiative relaxation while the originated plasma cloud expands and cools down. The emission
lines that were used in the calibration curves, have been considered to determine the limit of
detections, LODs for Al, Cr, Fe, Mg, and Mn. This dissertation presents the novel measuring
instruments and the main results of the research.
5.1

Significance of the research
In this part of my dissertation, I will summarize the gist and significance of my research.

The introduction of this dissertation was covered by Chapters 1 and 2. Chapter 3 expanded the
LIBS analysis options for strontium powder mixtures by verifying the utility of selected
strontium ion transitions for LIBS analysis. Chapter 4 dealt with the quantitative analysis of used
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engine oil using LIBS as well. The research summary and recommendations for future work are
also presented in Chapter 5.
The plasma temperature, LODs, and the electron density are powerful parameters for
evaluating the matrix effect with small variations for better LIBS parameters’ optimization.
LIBS technique was successfully used with multivariate analysis (MVA) to determine the metal
concentrations in used engine oil sample. The PLS-R model was used to develop calibration
models with high linear correlation coefficient (above 0.99). LODs were also found for Al(I)
394.4 nm, Cr (II) 427.48 nm, Fe(I) 438.35 nm, Mg(I) 285.21 nm, and Mn(II) 259.37 nm lines
were at 0.75, 1, 0.8, 0.43, and 0.74 ppm, respectively. A good relationship between the C2
molecular band emissions and increasing of the metal concentrations and degradation of engine
oil was obtained.
5.2

Recommendations for future research
The matrix and the self-absorption effects were studied. The absence of the matrix effect

was with the best optimization (e.g., the SBR, the SNR, the plasma temperature, and the electron
density). Many elements were determined in used engine oils using LIBS with multivariate
analysis (MVA) methods.
Finally, the current findings pave the way for enhanced LIBS analysis for monitoring
engine oil and fine particle emissions, for industrial process, quality control and for atmospheric
and biochemical future research in laser application.
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